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(57) Abstract: A fiber optic switch (400) includes a fibor optic switching noodule (100) that receives and fixes ends ( 104) of opti- 
cal fibers (106). The module (100) includes numerous reflective li£^ beam deflectors (172) arranged in a V-shape which may be 
selected as pairs for coupling a beam of light (l68) between a pair of optical fibers (106). ITie module (100) also produces orien- 
tation signals fircun each deflected (172) which indicate its orientatioa A portcard (406) supplies drive signals to the modul (100) 
for orienting at least one deflector (172). The portcard (406) also receives the orientation signals produced by that deflector (172) 
together with coordinates that spec^ an orientation for die deflector ( 172). Tlie portcard (406) compares die received coordinates 
with die orientation signals and adjusts die drive signals su{^lied to the module (100) to reduce any difTerence betweoi the received 
coordinates and die orientation signals. Tbe switch {400) also employs optical aUgnment to precisely orient pairs deflectors (172) 
coupling a beam of light (108) b^een optical fibers (106). 
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5 The present invention relates generally to the technical 

field of fiber optics, and, more particularly, to free-space, 
reflective NxN fiber optic switches. 

RariVgrnnnr^ Aril 

10 A dramatic increase in telecommunications during recent 

years ; which may be attributed largely to increasing Internet 
communications, has required rapid introduction and commercial 
adoption of innovations in fiber optic telephonic communication 
systems. For example, recently fiber optic telecommunication 

15 systems have been introduced and are being installed for 
transmitting digital telecommunications concurrently on 4, 16, 
32, 64 or 128 different wavelengths of light that propagate along 
a single optical fiber. While multi-wavelength fiber optic 
telecommunications dramatically increases the bandwidth of a 

20 single optical fiber, that bandwidth increase is available only 
at both ends of the optical fiber, e.g. between two cities- When 
light transmitted into one end of the optical fiber arrives at 
the other end of the optical fiber, there presently does not 
exist a flexible, modular, compact, NxN fiber optic switch which 

25 permits automatically forwarding light received at one end of the 
optical fiber onto a selected one of several different optical 
fibers which will carry the light onto yet other destinations. 

Historically, when telecommunications were transmitted by 
electrical signals via pairs copper wires, at one time a human 

30 being called a telephone operator sat at a manually operated 
switchboard and physically connected an incoming telephone call, 
received on one pair of copper wires, that were attached to a 
plug, to another pair of copper wires, that were attached to a 
socket, to complete the telephone circuit. The telephone 

35 operator's task of manually int rconnecting pairs of wires from 
two (2) telephones to establish the telephone circuit was first 
replaced by an electro-mechanical device, called a crossbar 
switch, which automated the operator's manual task in response 



to telephone dialing signals. During the past forty y ars, the 
electro-mechanical crossbar switch for electrical telecommunica- 
tions has been replaced by electronic switching systems. 

Presently, switches for fiber optic telephonic communica- 
5 tions exist which perform functions for fiber optic telephonic 
communications analogous to or the same as the crossbar switch 
and electronic switching systems perform for electrical telephon- 
ic communications. However, the presently available fiber optic 
switches are far from ideal. That is, existing fiber optic 
10 telecommunications technology lacks a switch that performs the 
same function for optical telecommunications as that performed 
by electronic switching systems for large numbers of optical 
fibers. 

One approach used in providing a 256x256 switch for fiber 

15 optic telecommunications first converts light received from a 
incoming optical fiber into an electrical signal, then transmits 
the electrical signal through an electronic switching network. 
The output signal from that electronic switching network is then 
used to generate a second beam of light that then passes into an 

20 output optical fiber. As those familiar with electronics and 
optical fiber telecommunications recognize, the preceding 
approach for providing a 256x256 fiber optic switch is physically 
very large, requires electrical circuits which process extremely 
high-speed electronic signals, and is very expensive. 

25 Attempting to avoid complex electronic circuits and 

conversions between light and electronic signals, various 
proposals exist for assembling a fiber optic switch that directly 
couples a beam of light from one optical fiber into another 
optical fiber. One early attempt to provide a fiber optic 

30 switch, analogous to the electrical crossbar switch, mimics with 
machinery the actions of a telephone operator only with optical 
fibers rather than for pairs of copper wires. United States 
Patent No. 4,886,335 entitled "Optical Fiber Switch System" that 
issued Decemb r 12, 1989, includes a conveyor that moves ferrules 

35 attached to ends of optical fibers. The conveyer moves the 
ferrule to a s lected adapter and plugs the ferrule into a cou- 
pler/decoupler included in th adapter. After the ferrule is 
plugged into th coupler/d coupler, light passes between the 

1^ 
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optical fiber carried in the ferrule and an optical fiber secured 
in the adapter. 

United States Patent no. 5,864,463 ntitl d "Miniature ixN 
Electromechanical Optical Switch And Variable Attenuator" which 
5 issued January 26, 1999, ("the '463 patent") describes another 
mechanical system for selectively coupling light between one 
optical fiber and one of a number of optical fibers. This patent 
discloses selectively coupling light between one optical fiber 
and a selected optical fiber by mechanically moving an end of one 

10 optical fiber along a linear array of ends of the other optical 
fibers. The ixN switch uses a mechanical actuator to coarsely 
align the end of the one optical fiber to a selected one of the 
other optical fibers within 10 ^im. The ixN switch, using light 
reflected back into the moving optical fiber from the immediately 

15 adjacent end of the selected optical fiber, then more precisely 
aligns the end of the input optical fiber to the output optical 
fiber. United States Patent no. 5,699,463 entitled "Mechanical 
Fiber Optic Switch" that issued December 16, 1997, also aligns 
an end of one optical fiber to one of several other optical 

20 fibers assembled as a linear array, but interposes a lens between 
ends of the two optical fibers. 

United States Patent No. 5,524,153 entitled "Optical Fiber 
Switching System And Method Of Using Same" that issued June 4, 
1996, ("the '153 patent") disposes two (2) optically opposed 

25 groups of optical fiber switching units adjacent to each other. 
Each switching unit is capable of aligning any one of its optical 
fibers with any one of the optical fibers of the optically 
opposed group of switching units. Within the switching unit, an 
end of each optical fiber is positioned adjacent to a beamforming 

30 lens, and is received by a two-axis piezoelectric bender. The 
two-axis piezoelectric bender is capable of bending the fiber so 
light emitted from the fiber points at a specific optical fiber 
in the optically opposed group of switching units. Pulsed light 
generated by radiation emitting devices ("REDs") associated with 

35 each optical fiber pass from the fiber to the selected optical 
fiber in the opposing group. The pulsed light from the RED 
received by the selected optical fiber in the opposing group is 
processed to provid a signal that is fed back to the piezoelec- 
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trie bender for pointing light from the optical fib r directly 
at the selected optical fiber. 

Rather than m chanically f fecting alignment of a beam of 
light from one optical fiber to another optical fiber either by 
5 translating or by bending one or both optical fibers, optical 
switches have been proposed that employ micromachined moving 
mirror arrays to selectively couple light emitted from an input 
optical fiber to an output optical fiber. Papers presented at 
OFC/IOOC '99, February 21-26, 1999, describe elements that could 

10 be used to fabricate s a three (3) stage fully non-blocking fiber 
optic switch, depicted graphically in FIG. 1. This fiber optic 
switch employs moving mirror arrays in which each polysilicon 
mirror can selectively reflect light at a 90* angle. In this 
proposed fiber optic switch, rows of relatively small 32x64 

15 optical switching arrays 52ai (i=l, 2 ••• 32) and 52bk 
(k = 1, 2 • • • 32) receive light from or transmit light to 
thirty-two (32) input or output optical fibers 54an and 54b„. 
Thirty-two groups of sixty-four (64) optical fibers 56ai,„ and 
56bi,„ carry light between each of the 32x64 optical switching 

20 arrays 52ai and 52h^ and one of sixty-four 32x32 optical switch- 
ing arrays 58^ (j = 1, 2 • • • 64). 

The complexity of the fiber optic switch illustrated in FIG. 
1 is readily apparent. For example, a 1024xi024 fiber optic 
switch assembled in accordance with that proposal requires 4096 

25 individual optical fibers for interconnecting between the 32x64 
optical switching arrays 52ai and 52hy_ and the 32x32 optical 
switching arrays 58j. Moreover, the 32x64 optical switching 
arrays 52ai and 52b|^ and 32x32 optical switching arrays 58j 
require a total of 196,608 micromachined mirrors. 

30 The polysilicon mirrors proposed for the fiber optic switch 

illustrated in FIG. 1 are curved rather than optically flat. 
Furthermore, while those mirrors possess adequate thermal 
dissipation for switching a single 0.3 mW wavelength of light and 
perhaps even a few such wavelengths, they are incapable of 

35 switching even ten (10) or twenty (20) such wavelengths. 
However, as described above fib r optic telecommunications 
systems are already transmitting many more than twenty (20) 
wavelengths over a single optical fiber, and, if not already. 
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will soon be transmitting hundreds of wavelengths. If instead 
of a single wavelength of light one optical fiber carries 300 
different wav 1 ngths of light each having a power of 0.3 mW, 
then 100 mW of power ixapinges upon the polysilicon mirror 
5 proposed for this fiber optic switch. If the polysilicon mirror 
reflects 98.5% of that light, the mirror must absorb substantial- 
ly all of the remainder, i.e. 1.5 mW of power. Absorption of 1.5 
mW of power would likely heat the thermally non-conductive 
polysilicon mirror to unacceptable temperatures which would 

10 further degrade mirror flatness. 

United States Patent No. 4,365,863 entitled "Optical Switch 
For a Very Large Number of Channels" that issued December 28, 
1982, ("the '863 patent") discloses disposing two (2) parallel 
arrays of optically opposed, regularly placed ends of optical 

15 fibers. The space between the two (2) arrays contains an optical 
switching system that includes propagation mode converters that 
are associated respectively with each fiber of each array. The 
mode converters convert light from the guided mode of propagation 
in glass filaments to a directive mode of propagation in fre 

20 space, and vice- versa. In its simplest form, such a converter 
comprises essentially an optical lens whose focal point is 
positioned approximately at the end of the corresponding fiber. 

The optical switching system of the '863 patent also 
includes a light beam deflector associated with each fiber of its 

25 two arrays. Any mode converter of one array sends a beam of 
light to a deflector with which it is associated. The deflector 
receiving the light beam from the mode converter redirects the 
light to any one of the deflectors associated with the other 
array of optical fibers. The deflector receiving the beam from 

30 a deflector redirects the light to the mode converter associated 
with the receiving light deflector. The light beam deflectors 
may be of any known type. The '863 patent specifically discloses 
using for light beam deflectors either a mechanical-optical 
device that operates on the principle of the diasporameter, or 

35 an acousto-optical deflectors based on photon-phonon interaction 
within a crystal medium. 

Each light beam deflector in th ^S63 patent is controlled 
by an interface control that is driven by a logic circuit. A 
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d tector is associated with each b am of light to xtract from 
the signal carried by the beam the data corresponding to the 
addr ss of th optical fiber in the respective arrays. The 
logic circuits are connected to a central processor which, 
5 together with these logic circuits, controls all the functions 
of the switching system. Each detector in the *a63 patent may, 
for example, include a semi-transparent mirror sampling th 
corresponding beam of light, an optoelectronic device for 
converting the sample of the beam of light into an electrical 

10 signal, and a device for decoding this electrical signal in order 
to extract the optical fiber address data. 

A technical paper entitled "A Silicon Light Modulator" by 
Kari Gustafsson and Bertil H5k published in the Journal of 
Physics E. Scientific Instruments 21 at pages 680-85 ("the 

15 Gustafsson, et al. paper) describes an array of four, one- 
dimensional torsional scanners micromachined from an epitaxial 
layer of a silicon substrate. The Gustafsson, et al. paper 
describes electrostatically exciting the torsional scanners. The 
paper reports that operating in this way the torsional scanners 

20 have been used in a fiber-optic switch and modulator to couple 
light between a pair of immediately adjacent optical fibers. 



nignlognr-P of Tnypntion 

25 The present invention provides a fiber optic switch capable 

of concurrently coupling incoming beams of light carried on roor 
than 1,000 individual optical fibers to more than 1,000 outgoing 
optical fibers. 

An object of the present invention is to provide a simpler 

30 fiber optic switch that is capable of switching among a large 
number of incoming and outgoing beams of light carried on optical 
fibers. 

Another object of the present invention is to provide an 
efficient fiber optic switch that is capable of switching among 
35 a larg number of incoming and outgoing beams of light carried 
on optical fibers. 
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Another object of the present invention is to provide a 
fiber optic switch which has low cross-talk between coitanunication 
channels. 

Another object of the present invention is to provide a 
5 fiber optic switch which has low cross-talk between communication 
channels during switching thereof. 

Another object of the present invention is to provide an 
highly reliable fiber optic switch. 

Another object of the present invention is to provide a 
10 fiber optic switch that does not exhibit dispersion. 

Another object of the present invention is to provide a 
fiber optic switch that is not polarization dependent. 

Another object of the present invention is to provide a 
fiber optic switch that is fully transparent. 
15 Another object of the present invention is to provide a 

fiber optic switch that does not limit the bitrate of fiber optic 
telecommunications passing through the switch. 

Briefly, the present invention is a fiber optic switching 
module adapted for use in a fiber optic switch that includes a 
20 first and a second group of optical fiber receptacles. The two 
groups of optical fiber receptacles are separated from each other 
at opposite ends of a free space optical path. Each optical 
fiber receptacle is adapted for receiving and fixing an end of 
an optical fiber. The fiber optic switching module also includes 
25 lenses one of which is fixed respectively at each of the optical 
fiber receptacles of the first and second groups so the end of 
the optical fiber fixable in that optical fiber receptacle is 
juxtaposed with the lens fixed thereat. Each lens is adapted for 
receiving a beam of light emittable from the juxtaposed end of 
30 the optical fiber and for emitting a quasi-collimated beam of 
light into the optical path of the fiber optic switching module. 

The fiber optic switching module also includes a first and 
a second set of reflective light beam deflectors that are 
disposed in a V-shaped arrangement within the optical path 
35 between the groups of optical fiber receptacles. Each of the 
light beam deflectors respectively is: 

1. associated with one of th lenses fixed at each of th 
optical fib r r ceptacles; 
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2. located so the quasi-collimated b am of light 
emittable from the associated lens impinges upon the 
light beam deflector to be reflected ther from; and 

3. energizable by drive signals supplied to the fiber 
5 optic switching module to be oriented for reflecting 

the quasi-collimated beam of light emittable from the 
associated lens to also reflect off a selected light 
beam deflector. 

Also included in the fiber optic switching module is a mirror 
10 disposed along the optical path between the sets of light beam 
deflectors upon which quasi-collimated beams of light impinge, 

Arranged in this way, a pair of light beam deflectors may 
be selected and oriented by the drive signals supplied thereto 
to establish an optical coupling for at least one 
15 quasi-collimated beam of light between a pair of lenses respec- 
tively fixable at any one of the optical fiber receptacles and 
another lens fixable at any other of the optical fiber recepta- 
cles. 

These and other features, objects and advantages will be 
20 understood or apparent to those of ordinary skill in the art from 
the following detailed description of the preferred embodiment 
as illustrated in the various drawing figures. 

Rri^af ni^ggr ipti on of HrawingR 
25 FIG. 1 is a block diagram illustrating a proposed, prior art 

three (3) stage fully non-blocking fiber optic switch; 

FIG. 2 is a plan view ray tracing diagram illustrating 
propagation of light beams through a trapezoidally-shaped free 
space, convergent beam NxN reflective switching module in 
30 accordance with the present invention; 

FIG. 3 is a plan or elevational schematic diagram illustrat- 
ing a single beam of light as may propagate between sides A and 
B of the trapezoidally-shaped free space, convergent beam NxN 
reflective switching modul depicted in FIG. 2 in accordance with 
35 th present invention; 

FIG. 4a is a perspective view ray tracing diagram illustrat- 
ing propagation of light beams through an alternative embodiment, 
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rectangularly-Shaped free space, convergent beam NxN refl ctive 
switching module in accordance with the present inv ntion; 

FIG. 4b is plan view ray tracing diagram illustrating 
propagation of convergent light beams through the rectangularly- 
5 shaped reflective switching module illustrated in FIG. 4a in 
accordance with the present invention; 

FIG. 5 is a plan view ray tracing diagram illustrating 
propagation of light beams through an alternative embodiment, 
polygonally-shaped free space, convergent beam NxN reflective 
10 switching module in accordance with the present invention; 

FIG. 6 is a plan view ray tracing diagram illustrating 
propagation of light beams through a trapezoidal ly-shaped free 
space, convergent beam reflective switching module in accordance 
with the present invention that permits coupling a beam of light 
15 between any arbitrarily chosen pair of optical fibers; 

FIG. 6a is a plan view ray tracing diagram illustrating free 
space propagation of light beams through a convergent beam 
reflective switching module in accordance with the present 
invention that has a V-shaped array of light beam deflectors, and 
20 that, similar to the switching module of FIG. 6, permits coupling 
a beam of light between any arbitrarily chosen pair of optical 
fibers; 

FIG. 7 is a plan view ray tracing diagram illustrating 
propagation of light beams through an alternative trapezoidally- 
25 shaped free space, convergent beam NxN reflective switching 
module in accordance with the present invention which is more 
compact than the NxN reflective switching module depicted in FIG. 
5; 

FIG. 8a is an elevational view illustrating a preferred, 
30 cylindrically shaped micro-lens adapted for use in the NxN 
reflective switching module; 

FIG. 8b is an elevational view illustrating a micro-lens 
adapted for use in the NxN reflective switching module that 
permits closer spacing between lenses and fibers; 
35 FIG. 9 is a partially cross-sectioned elevational view 

illustrating a convergence block included both in the side A and 
in side B of the NxN reflective switching module depicted in FIG. 
7 that receives tapered optical fiber collimator assemblies; 
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FIG. 10 is a partially cross-s ctioned plan view illustrat- 
ing th convergenc block depicted in FIG* 9 that r ceives 
tapered optical fiber collimator assemblies; 

FIG. 10a is a partially cross-sectioned plan view illustrat- 
5 ing an alternative convergence block that permits adjusting the 
position and orientation of the lenses; 

FIG. 10b is a cross-sectioned elevational view illustrating 
of the alternative convergence block taken along the line lOa-lOa 
of FIG. 10a; 

10 FIG. 11 is a partially cross-sectioned elevational view 

illustrating a micro-lens adapted for use in the NxN reflective 
switching module for concurrently switching light carried by a 
duplex pair of optical fibers; 

FIG. 12 is an elevational view illustrating a preferred type 

15 of silicon wafer substrate used in fabricating torsional 
scanners ; 

FIG. 13 is a plan view illustrating a 2D electrostatically 
energized torsional scanner particularly adapted for use in 
reflective switching modules such as those illustrated in FIGs. 
20 2, 4a-4b^ 5, 6, 6a and 7; 

FIG. 14a is an enlarged plan view illustrating a torsional 
flexure hinge used in the torsional scanner taken along the line 
14a-14a in FIG. 13; 

FIG. 14b is an enlarged plan view illustrating a slotted 
25 torsion-bar hinge used in the torsional scanner taken along the 
line 14b-14b in FIG. 13; 

FIG. 15 is a schematic cross-sectional elevational view 
illustrating a torsional scanner disposed above an insulating 
substrate having electrodes deposited thereon with a beam of 
30 light reflecting off a mirror surface located on the backside of 
a device layer; 

FIGs. 15a and 15b are alternative plan views of the 
electrodes and a portion of the insulating substrate taken along 
the line 15a/15b-15a/15b in FIG. 15. 
35 FIG. 16a is an elevational view illustrating a strip of 

torsional scanners adapted for use in reflective switching 
modules such as those illustrated in FIGs. 2, 4a-4b, 5, 6, 6a and 
7; 
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FIG. 16b is a cross-s ctional plan view taken along the line 
16b-16b in FIG. 16a illustrating overlapping immediately adjacent 
strips of torsional scann rs to reduce the horizontal distance 
between immediately adjacent strips; 
5 FIG. 16c is an elevational view illustrating a preferred 

strip of torsional scanners adapted for use in reflective 
switching modules such as those illustrated in FIGs. 2, 4a-4b, 
5, 6, 6a and 7; 

FIG. 16d is a cross-sectional plan view illustrating the 
10 preferred strip of torsional scanners taken along the line 
16d-16d in FIG. 16c; 

FIG. 16e is across-sectional plan view taken along the line 
16d-16d in FIG. 16a illustrating juxtaposition of the strips of 
torsional scanners depicted in FIG. 16c; 
15 FIG. 17a is a plan view illustrating vertically offset 

strips of torsional scanners which permits a denser arrangement 
of optical fibers in reflective switching modules such as those 
illustrated in FIGs. 2, 4a-4b, 5, 6, 6a and 7; 

FIG. 17b is a plan view illustrating an even denser packing 
20 of offset rows or columns of torsional scanners that may be 
employed if all the torsional scanners are fabricated as a single 
monolithic array rather than in strips; 

FIG. 18a is a plan view illustrating an alternative 
embodiment of the torsional scanner in which the outer torsional 
25 flexure hinges are oriented diagonally with respect to the 
scanner's outer frame; 

FIG. 18b is a plan view illustrating an array of torsional 
scanner of the type illustrated in FIG. 18a; 

FIG. 19a is a plan view illustrating an alternative 
30 embodiment of the torsional scanner in which the inner torsional 
flexure hinges are oriented along a diagonal of the scanner's 
non-square mirror plate; 

FIG. 19b is a plan view illustrating an alternative 
embodiment of the torsional scanner depicted in FIG. 19a in which 
35 both pairs of torsional f 1 xure hinges are suitably oriented with 
respect to crystal lographic directions of silicon to permit 
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fabrication of torsion sensors therein that have optimum characteristics; 

FIG. 20a is an 1 vational view illustrating a dense 
arrang m nt of th torsional scanner illustrated in FIG. 18a 
adapted for inclusion in reflective switching modules such as 
5 those illustrated in FIGs. 2, 4a-4b, 5, 6, 6a and 7; 

FIG. 20b is an elevational view illustrating a dense 
arrangement of the torsional scanner illustrated in FIG. 19a 
adapted for inclusion in reflective switching modules such as 
those illustrated in FIGs. 2, 4a-4b^ 5^ 6, 6a and 7; 
10 FIG. 21 is a schematic cross-sectional elevational view 

illustrating an alternative embodiment strip of torsional 
scanners fastened to a substrate which also carries a mirror 
strip thereby permitting an arrangement in which collimator 
lenses and ends of optical fibers are positioned close to mirror 
15 surfaces on the torsional scanners; 

FIG. 21a is a schematic elevational view illustrating 
arranging strips of torsional scanners illustrated in FIG. 21 to 
provide one dimensional convergence; 

FIG. 21b is a schematic elevational view illustrating 
20 arranging optical fiber collimator assemblies to provide one 
dimensional convergence for combination with the one dimensional 
convergence of torsional scanners illustrated in FIG. 21a; 

FIGs. 22a is a front elevational view of a strip of 
torsional scanners flip-chip bonded to a substrate; 
25 FIGs. 22b is a cross-sectioned^ side elevational view of the 

strip of torsional scanners flip-chip bonded to the substrate 
taken along the line 22b-22b in FIG. 22a; 

FIGs. 22c is a top view of the strip of torsional scanners 
that is flip-chip bonded to the substrate taken along the line 
30 22C-22C in FIG. 22a; 

FIGs. 22d is a cross-sectioned, side elevational view of the 
strip of torsional scanners flip-chip bonded to a silicon 
substrate having vias formed therethrough; 

FIGs. 22e is a cross-sectioned, side elevational view of a 
35 portion of a surface of the torsional scanner having troughs 
formed ther in to strengthen the bond to the substrate; 
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FIGS. 22f is a cross-s ctioned, side elevational view 
similar to that of FIG. 22b showing a spacer interpos d between 
the strip of torsional scanners and the substrate; 

FIG. 23 is a ray tracing diagram illustrating scattering of 
5 light from portions of a torsional scanner that surrounds the 
mirror surface thereof; 

FIG. 24 is a system level block diagram illustrating 
reflective switching modules such as those illustrated in FIGs. 
2, 4a-4b, 5, 6, 6a and 7; 
10 FIG. 25 is a perspective drawing illustrating a modular 

fiber optic switch in accordance with the present invention; 

FIG. 26 is a overall block diagram for modular fiber optic 
switch depicted in FIG. 25 including a portcard and the reflec- 
tive switching module; 
15 FIG. 26a is a diagram illustrating one embodiment of photo- 

detectors that may be used in an optical alignment servo for 
precisely orienting a pair of mirrors included in the reflective 
switching module; 

FIG. 26b is a diagram illustrating a compound photo-detector 
20 that may be used in an optical alignment servo for precisely 
orienting a pair of mirrors included in the reflective switching 
module; 

FIG. 26c is a diagram schematically illustrating how bent- 
fiber taps may be used on portcards to extract light from an 
25 optical fiber for alignment and other diagnostic purposes; 

FIG. 26d is an elevational view of a bent-fiber tap taken 
along the line 26d-26d in FIG. 26c; 

FIG. 27a is a block diagram illustrating a servo system 
which ensures precise alignment of mirrors included in a 
30 reflective switching module included in the modular fiber optic 
switch depicted in FIG. 25, such as one of the reflective 
switching modules illustrated in FIGs. 2, 4a-4b, 5, 6, 6a and 7; 

FIG. 27b is a block diagram illustrating one channel, either 
X-axis or y-axis, of a dual axis servo included in the servo 
35 system depicted in FIG. 27a; 

FIG. 27c is a block diagram illustrating sharing a single 
channel of one dual axis s rvo among s veral different pairs of 
torsional scanner electrodes 214; 
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FIG. 27d is a block diagram illustrating a circuit for 
inducing controlled rotation of a torsional scanner using 
alternating current ('"AC") driving voltages; 

FIGS. 27e and 27 f are waveform diagrams illustrating 
5 voltages applied between electrodes and the mirror plate of the 
torsional scanner; 

FIG. 28a is a partially cross-sectioned elevational view 
illustrating an alternative embodiment double plate structure for 
receiving and fixing an array of optical fibers; 
10 FIG. 28b is an elevational view illustrating a profile for 

one type of hole that may be formed through one of the plates 
taken along the line 28b-28b in FIG. 28a; 

FIG. 28c is an elevational view illustrating an array of XY 
micro-stages formed in one of the plates taken along the line 
15 28C-28C in FIG. 28a; 

FIG. 29a is an elevational view illustrating an XY micro- 
stage of a type included array taken along the line 29a-298 in 
FIG. 28c; 

FIGs. 29b and 29c are elevational views illustrating a 
20 portion of alternative embodiment XY micro-stages taken along the 
line 29b/29c-29b/29c in FIG. 29a; 

FIG. 30a is a partially cross-sectioned view illustrating 
a lens micromachined from a silicon substrate that can be 
electrostatically activated to move along the lens* longitudinal 
25 axis; 

FIG. 30b is an elevational view illustrating the silicon 
micromachined lens taken along the line 30b-30b in FIG. 30a; 

FIG. 3 0c is a partially cross-sectioned view illustrating 
a lens micromachined from a silicon substrate, similar to the 
30 lens illustrated in FIG. 30a, that can be electro-magnet ically 
activated to move along the lens* longitudinal axis; 

FIG. 31a is a plan view illustrating one configuration for 
using magnetic force in effecting rotation of torsional scanners; 

FIG. 31b is an elevational view of a magnet used therein 
35 taken along the line 31b-31b in FIG. 31a; 

FIG. 31c is a plan view illustrating another configuration 
for using magnetic force in effecting rotation of torsional 
scanners; 
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FIG* 3 Id is an elevational view of a magnet used ther in 
taken along the lin 31d-31d in FIG* 31c; 

FIG* 32 is an elevational view that illustrat s coupling 
beams of light from a routing wavelength demultiplexer directly 
5 into one of the reflective switching modules illustrated in FIGs. 
2, 4a-4b^ 5, 6, 6a and 7; 

FIG. 33a and 33b are respectively schematic diagrams 
illustrating a Littrow cavity formed by a grating formed on a 2D 
torsional scanner together with a laser-^diode, and as applied for 
10 wavelength conversion that can be advantageously applied in 
telecommunication ; and 

FIG. 34, is a schematic diagram illustrating using a 
torsional scanner carrying a grating for monitoring wavelengths 
of light that propagate along an optical fiber. 

15 

Rpgf- Mode foT- rarrying Ont thf>. Tnvftnt.inn 

Free Space, 
Convergent Beam, 
20 Double Bounce, 

Raf^laetive gyit^ehing Module 

FIG. 2 depicts ray tracings for light beams propagating 
through a trapezoidally-shaped, convergent beam, double bounce 
NxN reflective switching module in accordance with the present 

25 invention that is referred to by the general reference character 
100. The NxN reflective switching module 100 includes sides 102a 
and 102b which are spaced apart from each other at opposite ends 
of a C-shaped free space optical path. Although as described 
below other geometrical relationships for the sides 102a and 102b 

30 may occur for other configurations of the NxN reflective 
switching module 100, for the embodiment of the NxN reflective 
switching module 100 illustrated in FIG. 2 having the C-shaped 
free space optical path the sides 102a and 102b are preferably 
coplanar. Both side 102a and side 102b are adapted to receive 

35 and fix ends 104 of N optical fibers 106, for example one- 
thousand one-hundred fifty-two (1152) optical fibers 106. The 
N optical fibers 106 are arranged in a rectangular array with 
thirty-six (36) columns, each of which contains thirty-two (32) 
optical fibers 106. A lens 112 is disposed immediately adjacent 
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to th ends 104 of each of the optical fibers 106 along the 
optical path b tween sides 102a and 102b* Each of the lenses 112 
are disposed with respect to the end 104 of the optical fiber 106 
with which it is associated to produce from light, which may be 
5 emitted from the end 104 of the associated optical fiber 106, a 
quasi-collimated beam that propagates along the optical path 
between sides 102a and 102b. 

FIG. 3 graphically illustrates a single beam of light 108 
from a single optical fiber 106 as may propagate between sides 

10 102a and 102b, or conversely. For wavelengths of light conven- 
tionally used in single mode fiber optic telecommunications, th 
lens 112 is a micro-lens which typically has a focal length of 
2.0 to 12.0 mm. Such a lens 112 produces a quasi-collimated beam 
preferably having a diameter of approximately 1.5 mm which 

15 propagates along a five-hundred (500) to nine-hundred (900) mm 
long path between the sides 102a and 102b. Since the NxN 
reflective switching module 100 preferably uses the maximum relay 
length of the lens 112, the end 104 of each optical fiber 106 is 
positioned at the focal length of the lens 112 plus the Raleigh 

20 range of the beam of light 108 emitted from the optical fiber 
106. Consequently, if the end 104 of the optical fiber 106 is 
displaced a few microns along the axis of the lens 112, that 
produces a negligible effect on the direction along which the 
maximum relay length quasi-collimated beam propagates between the 

25 sides 102a and 102b. Typically the exit angle of the maximum 
relay length quasi-collimated beam from the lens 112 will be a 
fraction of one milliradian, i.e. 0.001 radian. As will be 
described in greater detail below, any possible misalignment of 
the maximum relay length c[uasi-col lima ted beam due to misalign- 

30 ment between the end 104 of the optical fiber 106 and the lens 
112 can be easily accommodated by providing sufficiently large 
surfaces from which the beam reflects. 

After passing through the associated lens 112, a beam of 
light 108 emitt d from the end 104 of each optical fiber 106 

35 reflects first off a mirror surface 116a or 116b, indicated by 
dashed lines in FIG, 3, that is associated with a particular lens 
112 and optical fiber 106 pair. The mirror surfaces 116, 
described in greater detail below, ar preferably provided by 
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two-dimensional ("2D") torsional scanners of a typ similar to 
those describ d in United States Patent No. 5,629,790 ("the '790 
patent"), that is incorporat d herein by ref renc . Th NxN 
reflective switching module 100 includes two sets 118a and 118b 
5 of mirror surfaces 116 respectively disposed between the lenses 
112 along the optical path between the sides 102a and 102b. Each 
set 118a or 118b includes a number of individual, independent 
mirror surfaces 116, each of which is supported by a pair of 
gimbals that permits each mirror surface 116 to rotate about two 

10 non-parallel axes. The number of mirror surfaces 116 equals the 
number, N, of optical fibers 106 and lenses 112 at the nearest 
side 102a or 102b. After reflecting off the mirror surface 116a 
or 116b, the beam of light 108, propagating between sets 118a and 
118b in FIG. 2, then reflects off a selected one (1) of the 

15 mirror surface 116b or 116a further along the C-shaped optical 
path between the sides 102a and 102b, through one of the lenses 
112 at the distant side 102b or 102a, and into the optical fiber 
106 associated with that particular lens 112. 

FIGS. 4a-4b depict ray tracings for light beams propagating 

20 through an alternative embodiment, rectangular ly-*shaped, 
convergent NxN reflective switching module 100. The rectangular- 
ly-shaped configuration of the NxN reflective switching module 
100 illustrated in FIGs. 4a-4b employs a horizontally-elongated 
Z-shaped free space optical path. While in the illustration of 

25 this FIG. the distances between the side 102a and the curved set 
118a, the curved set 118a and the curved set 118b, the curved set 
118b and the side 102b are substantially equal, those skilled in 
the art will recognize that these distances need not be equal. 
Moreover, those skilled in the art will recognize that the sets 

30 118a and 118b may be curved to provide either one dimensional 
("ID") or 2D convergence. Thus, for the configuration of the NxN 
reflective switching module 100 depicted in FIGs. 4a-4b the 
curved set 118a may be advantageously moved nearer to the side 
102a and the curved s t 118b moved nearer to the side 102b. Such 

35 a shortening of the distances between the sides 102a and 102b and 
the curved sets 118a and 118b correspondingly lengthens the 
distance between the curved set 118a and curved set 118b which 
produces a parall logram-shaped NxN ref lectiv switching modul 



wo 01/07945 



PCT/USOO/20028 



- 18 - 

100* FIG. 5 depicts ray tracings for light beams propagating 
through an alternative embodiment, polygonally-shaped nxn 
reflective switching module 100* The polygonally-shaped 
configuration of the NxN reflective switching modul 100 
5 illustrated in FIG. 5 also produces a Z-shaped free space optical 
path* 

FIG. 6 depicts a trapezoidal ly-shaped reflective switching 
module 100 that consist of only one half of the NxN reflective 
switching module 100 depicted in FIG. 1, i.e. either the left 

10 half thereof or the right half thereof. The reflective switching 
module 100 depicted in FIG. 6 fundamentally differs from that 
depicted in FIG. 1 only by including a mirror 120 disposed at the 
middle of the optical path between sides 102a and 102b. Th 
mirror 120 should have as high a reflectivity as possible at the 

15 relevant wavelengths of light, with the s and p reflectivity 
balanced, as is well known in the art. While for equivalent 
sides 102a the reflective switching module 100 depicted in FIG. 
6 can couple light selectively between only one-half as many 
optical fibers 106 as the NxN reflective switching module 100 

20 illustrated in FIG. 1, the reflective switching module 100 
depicted in FIG. 6 can couple light between any arbitrarily 
chosen pair of those optical fibers 106. 

FIG. 6a depicts another type of NxN reflective switching 
module 100 assembled by abutting two, mirror-image reflective 

25 switching modules of the general type illustrated in FIG. 6. The 
configuration for the reflective switching module 100 illustrated 
in FIG. 6 includes sides 102a and 102b with the sets 118a and 
118b of mirror surfaces 116 arranged to form a V-shape. The 
arrangement of mirror surfaces 116 and sides 102a and 102b 

30 illustrated in FIG. 6a has some advantages over the arrangement 
depicted in FIG. 6. In comparison with the arrangement depicted 
in FIG. 6, the set 118a and side 102a are divided into two parts, 
i.e. the sides 102a and 102b and the sets 118a and ll8b. 
Dividing the sides 102a and 102b and the sets 118a and 118b into 

35 two parts reduces the distance betwe n the sides 102a and 102b 
and their corresponding s ts 118a and 118b of mirror surfaces 116 
without increasing the deflection angles needed to couple light 
betw en any two arbitrarily chosen optical fibers 106. This 



wo 01/07945 



PCT/USOO/20028 



- 19 - 

arrangement allows building r flectiv switching modules 100 
having a larg r numb r of optical fibers 106 by easing the 
collimator pointing tol ranee, 

FIG. 7 depicts another trapezoidally shaped NxN reflective 
5 switching module 100 which also employs a mirror 120 for folding 
the optical path of the NxN reflective switching module 100 
depicted in FIG, 5. Folding the optical path into a W-shape 
provides a more compact reflective switching module 100 than the 
NXN reflective switching module 100 depicted in FIG, 1. 

10 Considering the beam of light 108 depicted schematically in 

FIG. 3, solely from the perspective of optical design, the 
various different embodiments of the reflective switching module 
100 described above and illustrated in FIGs. 2, 4a, 4b, 5, 6, 6a, 
and 7 differ principally in the location of the mirror surfaces 

15 116a and 116b along the beam of light 108, and in the folding of 
the optical path. For example, in the embodiment of the NxN 
reflective switching module 100 illustrated in FIGs. 4a-4b th 
mirror surfaces 116a and 116b are located approximately one-third 
il) of the path length between the sides 102a and 102b from th 

20 nearest lenses 112. Conversely for other configurations of th 
reflective switching module 100 such as those illustrated in 
FIGs. 2, 5, 6, and 7 the mirror surfaces 116a and 116b are 
immediately adjacent to the respective sides 102a and 102b. 
However, those skilled in the art of optical design will readily 

25 understand that differences among the various configurations, 
particularly locations for the mirror surfaces 116a and 116b with 
respect to the lenses 112 and the ends 104 of the optical fibers 
106, influence or affect other more detailed aspects of the 
optical design. 

30 Those skilled in the art of optical design will also 

understand that conceptually there exist an unlimited number of 
other possible geometrical arrangements and optical path shapes 
in addition to those illustrated in FIGs. 2, 4a, 4b, 5, 6 and 7 
for placing the ends 104 of the optical fibers 106 respectively 

35 at one or more the sides 102a and 102b, the associated lenses 112 
and the mirror surfaces 116a and 116b. With regard to such 
alternative geometrical arrangements for the free space optical 
path of the reflective switching module 100, a prefer nee for one 
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arrangements in comparison with other possibl arrangements 
usually involves issues related to suitability for a particular 
optical switching application^ size, ease of fabrication, 
relaxing mechanical tolerances for assembly of th reflective 
5 switching module 100, reliability, cost, etc. Specifically, the 
trapezoidal ly-shaped, convergent beam Nxn reflective switching 
module 100 with the W-shaped free space optical path illustrated 
in FIG. 7 is presently preferred because: 

1. it fits within a standard twenty -three (23) inch wide 
10 telecommunications rack; 

2. mechanical tolerances are acceptable; 

3. long effective relay length for the beams of light 
108; and 

4. runs for electrical cables and optical cables are well 
15 separated. 

As described above, the beam of light 108 produced by the 
lens 112 from light emitted from the end 104 of the associated 
optical fiber 106 first impinges upon the associated mirror 
surface 116 of one of the torsional scanners included in the sets 

20 118a and 118b. As described in greater detail below, for the 
configuration of the NxN reflective switching module 100 depicted 
in FIG. 7, the mirror surfaces 116 are preferably provided by 
thirty-six (36) linear strips of thirty-two (32) torsional 
scanners. Preferably, all thirty-two (32) mirror surfaces 116 

25 in each strip are substantially coplanar. As an example, within 
each strip immediately adjacent mirror surfaces 116 may be spaced 
3.2 mm apart, and the immediately adjacent columns of mirror 
surfaces 116 are preferably spaced 3.2 mm apart with respect to 
the beams of light 108 impinging thereon from the immediately 

30 adjacent sides 102a and 102b. 

Also for various configurations of the Nxn reflective 
switching module 100, the ends 104 of the optical fibers 106, the 
lenses 112, and the mirror surfaces 116 of un-energized torsional 
scanners are preferably oriented so all of the beams of light 108 

35 produced by light emitted from optical fibers 106 having their 
ends 104 at the side 102a pr ferably conv rge at a point 122b 
that is located behind th set 118b of mirror surfaces 116 in the 
illustrations of FIGs. 2 and 7. Correspondingly, the beams of 
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light 108 emitted from optical fib rs 106 having their nds 104 
at the side 102b in those FIGs. preferably converge at a point 
122a that is locat d behind the set 118a of mirror surfaces 116. 
However^ the location of the point at which the beams of light 
5 108 converge depend upon specific details of the NxN reflective 
switching module 100. For example, in the configuration of the 
NXN reflective switching module 100 illustrated in FIG. 6a the 
beams of light 108 preferably converge at a point 122 that is 
located approximately behind a juncture of the sets 118a and 
10 118b. 

Horizontally the convergence point 122 is established by 
considering mirror surfaces 116 at opposite sides of the sets 
118a and 118b. The point 122 lies at the intersection of two 
lines that respectively bisect angles having their vertices at 

15 those two mirror surface 116 and sides which extend from th 
respective mirror surfaces 116 through mirror surfaces 116 at 
opposite ends of the other set 118b or 118a. The point 122 is 
located vertically one-half the height of the sets 118a and 118b. 
The geometrical arrangement of the ends 104 of the optical fibers 

20 106, the lenses 112, and the mirror surfaces 116 which produces 
the preceding convergence provides equal clockwise and counter- 
clockwise rotation angles and minimal rotation angles for mirror 
surfaces 116 for each of the sets 118a and 118b that exhibit the 
greatest movement in reflecting a beam of light 108 from one 

25 mirror surface 116 in the set 118a or 118b to any of the mirror 
surfaces 116 in the other set 118b or 118a. If in the configura- 
tion for the NxN reflective switching module 100 depicted in FIG. 
7 a pair of mirror surfaces 116a and 116b are separated six- 
hundred and fifty (650) mm along the beam of light 108, then the 

30 maximum angular rotation of the mirror surfaces 116 is approxi- 
mately 3.9** clockwise and counter-clockwise. 

Although individual pairs of optical fibers 106 and lenses 
112 could be inserted into grooves to assemble the sides 102a and 
102b which yield the convergence of the beams of light 108 

35 described in the preceding paragraph, for maximum density of 
lenses 112 and optical fibers 106 a monolithic block is prefera- 
bly used that has holes appropriately pre-drilled therein. Each 
pre-drilled hole receives one of the lenses 112 and a conven- 
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tional optical fiber ferrule secured about th end 104 of one 
optical fiber 106, The compound angles rec[uired to align the 
optical fib r 106 and the lens 112 for 2D conv rgence of the 
beams of light 108 are provided by suitably orienting the holes 
drilled into the block. 

FIG. 8a depicts a preferred, cylindrically shaped micro^lens 
112 fabricated with its focal point at, or as close as possibl 
to, a face 138 of the lens 112. As those skilled in the art of 
fiber optics will understand, the optical fiber 106 emits the 
beam of light 108 at an angle with respect to a center line of 
the optical fiber 106 because the end 104 is polished at an angle 
to eliminate reflections back from the end 104. Because the end 
104 is angled, the axis of the beam of light 108 emitted from the 
end 104 diverges from the longitudinal axis of the optical fiber 
106. To align the beam of light 108 with a longitudinal axis 144 
of the lens 112, the face 138 of the lens 112 is angled to center 
the beam of light 108 within the lens 112. With the focal point 
of the lens 112 at the face 138 as described above, the end 104 
of the optical fiber 106 is positioned one Raleigh range of the 
beam of light 108, e.g. 50-60 microns, from the face 138. The 
diameter of a cylindrical surface 136 of the lens 112 is made 
sufficiently large to contain the diverging beam of light 108 
before it exits the lens 112 through a convex surface 142 as the 
quasi-collimated beam of light 108. 

This configuration for the lens 112 and the end 104 of the 
optical fiber 106 centers the beam of light 108 about the 
longitudinal axis 144 of the lens 112 at the convex surface 142 
of the lens 112, with the quasi-collimated beam of light 108 
oriented essentially parallel to the longitudinal axis 144. 
Usual manufacturing tolerances for the lens 112 described above 
produce acceptable deviations in exit angle and offset of the 
beam of light 108 from the longitudinal axis 144 of the lens 112. 
For example, if the lens 112 is fabricated from BK7 optical glass 
and the end 104 of the optical fiber 106 angles at 8**, th n the 
angle of the beam of light 108 within the lens 112 is 6.78**, and 
the lateral offset from the longitudinal axis 144 is less than 
50 microns both at the face 138 and also 140 mm from the face 
138. Such a well centered beam of light 108 permits reducing the 
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diameter f th surface 136 thus allowing the lenses 112 to be 
placed closer to each other • This lens 112 is preferably made 
from Gradium material marketed by LightPath Technologies, Inc. 
FIG. 8b depicts an alternative embodiment "champagne cork" 
5 shaped micro-lens 112 which advantageously permits spacing lenses 
112 and optical fibers 106 closer together at the sides 102a and 
102b. The lens 112 includes a smaller diameter surface 132 which 
a conically-shaped optical fiber collimator assembly 134 
illustrated in FIG. 9 receives. The larger diameter surface 136 

10 of the lens 112 protrudes out of the optical fiber collimator 
assembly 134. The champagne cork shaped embodiment of the micro- 
lens 112 may be fabricated by grinding down a portion of the lens 
112 illustrated in FIG. 8a. 

As illustrated in FIG. 9, in addition to receiving one of 

15 either the cylindrically shaped lens depicted in FIG. 8a or the 
champagne cork shaped micro- lens 112 depicted in FIG. 8b, each 
optical fiber collimator assembly 134 also provides a receptacle 
that receives a conventional fiber optic ferrule 146 secured 
about the end 104 of the optical fiber 106. A convergence block 

20 152, one of which is respectively disposed at both sides 102a and 
102b of the reflective switching module 100, is pierced by a 
plurality of conically shaped holes 154 as illustrated in FIG. 
10 that equal in number to the number N of optical fibers 106. 
Convergence of the beams of light 108 as described above is 

25 effected by the alignment of the optical fiber collimator 
assemblies 134 upon insertion into the holes 154. The optical 
fiber collimator assemblies 134 and holes 154 are preferably 
formed from the same material with identically shaped, mating, 
conical surfaces that taper at an angle of a few degrees. 

30 Configured in this way, when all optical fiber collimator 
assemblies 134 carrying the optical fibers 106 are fully seated 
into their mating holes 154, the optical fiber collimator 
assemblies 134 becomes fixed in the convergence block 152 and 
hermetically seal the interior of the reflective switching module 

35 100 through which the quasi-collimated beams of light 108 
propagate . 

The convergence block 152 may be simply machined out a 
single piece of metal such as stainl ss steel, or from a ceramic 
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material, tc. Alternatively, the convergence block 152 may be 
made out of Kovar, 42 % nickel-iron alloys, titanium (Ti) , 
tungsten (W) or molybdenum (Mo) suitably plated for corrosion 
resistance. These materials all have coefficients of expansion 
5 which approximately match that of the lenses 112 and minimize 
birefringent effects that may take place as lenses 112 are heated 
or cooled in their operating environment. 

In addition to the preceding preferred way of providing 
convergence by suitably orienting the optical fibers 106 and the 

10 lenses 112 at each of the sides 102a and 102b, either ID or 2D 
convergence may also be obtained in other ways. For example, the 
configuration of the optical fibers 106 and the lenses 112 could 
provide some of the convergence which the arrangement of the 
mirror surfaces 116 upon which the beams of light 108 first 

15 impinge could provide the remainder of the convergence. For 
example the mirror surfaces 116 in each column could be arranged 
along a cylindrical surface. Alternatively, the optical fibers 
106 and the lenses 112 might be arranged to provide none of the 
convergence, i.e. beams of light 108 propagate parallel from the 

20 sides 102a and 102b to the first mirror surfaces 116, with th 
mirror surfaces 116 being arranged to provide all of th 
convergence as illustrated in FIGs. 4a-4b. For example the 
mirror surfaces 116 in each column could be arranged along a 
spherical surface. Moreover, the optical fibers 106, lenses 112, 

25 and sets 118a and 118b of mirror surfaces 116 may be arranged to 
provide either ID or 2D convergence either behind the sets 118a 
and 118b or at the sets 118a and 118b. With regard to the 
various alternative ways of arranging convergence of the beams 
of light 108, selecting one way in comparison with other possible 

30 ways usually involves issues related to ease of fabrication, 
relaxing mechanical tolerances for assembly of the reflective 
switching module 100, reliability, cost, etc. 

Machining the convergence block 152 out a single piece of 
metal as d scribed previously to provide converg nee for th 

35 beams of light 108 means that individual holes 154 are under 
compound complex angles with respect to each other. Th beam of 
light 108 emitted from each optical fiber collimator assembly 134 
must be oriented to impinge directly on the mirror surface 116 
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immediately in front of the lens 112. If the beam of light 108 
misses the mirror surface 116 slightly, the b am of light 108 
will loose a substantial amount of power during during transmis- 
sion through the reflective switching module 100 • In fact, a 
5 substantial misalignment between the beam of light 108 emitted 
from a particular lens 112 and the corresponding mirror surface 
116 might render the optical fiber 106 inoperable. Consequently, 
alignment of each beam of light 108 with its corresponding mirror 
surface 116 is essential for proper operation of the reflective 

10 switching module 100. 

As stated previously, the end 104 of each optical fiber 106 
is positioned at the focal length of the lens 112 plus the 
Raleigh range of the beam of light 108 emitted from the optical 
fiber 106. The lens 112 typically exhibits more centration 

15 error. Furthermore, it is also possible that the longitudinal 
axis 144 of the lens 112 tilts slightly with respect to th 
optical fiber 106 due to variations in the lens 112 and the 
optical fiber collimator assembly 134. A possibility also exists 
that the ferrule 146 and the lens 112 may be misaligned. For all 

20 of these reasons, a structure that provides an alternative to the 
structure depicted in FIGs. 9 and 10, and which permits adjusting 
the position and orientation of the lens 112 is highly desirable. 

Usually, the hole 154 that receives the lens 112 and the 
optical fiber 106 is drilled in solid material forming the 

25 convergence block 152 as illustrated in FIG. 10a. After drilling 
the holes 154, to provide an alternative convergence block 152 
a face 156 thereof is then slit in various directions through the 
holes 154 to a depth slightly greater than the length of the 
lenses 112. After slitting, more material may be removed from 

30 the face 156 around each hole 154 so each lens 112 may be held 
by three (3) arcuate, deferable posts. 157 as illustrated in FIG. 
lOb. This provides a mounting for the lens 112 that is 
monolithically integrated into the convergence block 152, 
protrudes outward from it, and is plastically deformable. 

35 The lenses 112 are initially secured in the convergence 

block 152 pref rably by impact centration. During impact 
centrati n, the posts 157 flow around the lens 112, and hold the 
lens 112 in place. Then, ferrules 146, ach r spectively 
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carrying the end 104 of one optical fib r 106, are inserted into 
individual holes 154 in the convergence block 152. The ferrules 
146 ar then adjusted length wise within the holes 154 so each 
beam of light 108 focuses at the proper place within the 
5 reflective switching module 100, which is typically halfway 
between the sets 118 of mirror surfaces 116. After focusing, 
each ferrule 146 is then preferably fixed to the convergence 
block 152 by impact. This system for impact mounting of optical 
fibers 106 can produce an alignment with 2 microns of concentric- 

10 ity between the ferrule 146 and the optical fiber 106, Th 
concentricity between the ferrule 146 and the hole 154 may also 
be held to a few microns. 

With the lenses 112 and optical fibers 106 now fixed in the 
convergence block 152, the posts 157 holding each of the lenses 

15 112 can now be deformed so each lens 112 aligns exactly with the 
corresponding optical fiber 106. During such alignment, the beam 
of light 108 emitted from the lens 112 is monitored using a 
camera or by some other means while orienting the beam of light 
108 by plastically deforming the supporting posts 157. In this 

20 way, each lens 112 may be tilted and displaced so the beam of 
light 108 emitted therefrom impinges directly on the mirror 
surface 116 immediately in front of the lens 112. 

In most telecommunication installations, optical fibers are 
generally matched as a duplex pair in which one fiber carries 

25 communications in one direction while the other fiber of the pair 
carries communications in the opposite direction. Connectors 
adapted for coupling light between two duplex pairs of optical 
fibers which secure the two optical fibers of a pair in a single 
ferrule are presently available. Because both optical fibers of 

30 a duplex pair are switched concurrently, and because the 
reflective switching module 100 can couple light in either 
direction between a pair of optical fibers 106 one of which is 
respectively located at side 102a and the other of which is 
located at side 102b, suitably adapting the lenses 112 for use 

35 with duplex pairs of optical fibers 106 permits using a single 
pair of mirror surfaces 116a and 116b for switching light carried 
in opposite directions respectively in the two optical fibers 106 
of the duplex pair. 
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hing s measure rotation of a second frame or a plate, that has 
been coated to provide the mirror surface 116, respectiv ly with 
resp ct to th first fram or with resp ct to the s cond fram • 
As described in th patents and pat nt applications 
5 identified above, torsional scanners are preferably fabricated 
by micro-machining single crystal silicon using Simox, silicon- 
on-insulator or bonded silicon wafer substrates. Such wafer 
substrates are particularly preferred starting material for 
torsional scanner fabrication because they permit easily 

10 fabricating a very flat, stress-free membrane, possibly only a 
few microns thick, which supports the mirror surfaces 116. As 
illustrated in FIG. 12, a silicon-on-insulator ("SOI") wafer 162 
includes an electrically insulating silicon dioxide layer 164 
that separates single crystal silicon layers 166 and 168. 

15 Torsion bars and plates that carry the mirror surfaces 116 of 
torsional scanners are formed in the thinner device silicon layer 
166 while other portions of torsional scanners are formed by 
backside etching in the thicker handle silicon layer 168. As is 
well known to those skilled in the art of micro-machining, the 

20 device silicon layer 166 has a frontside 169 furthest from the 
handle silicon layer 168 and a backside 170 at the silicon 
dioxide layer 164. The intermediate silicon dioxide layer 164 
provides a perfect etch stop for etching the wafer 162 from its 
backside, and yields torsion bars and plates having uniform 

25 thickness. 

FIG. 13 depicts a single electrostatically energized 2D 
torsional torsional scanner 172 adapted for providing the mirror 
surfaces 116 for the reflective switching module 100. The 
torsional scanner 172 includes an outer reference frame 174 to 

30 which are coupled a diametrically opposed pair of outer torsional 
flexure hinges 176. The torsional flexure hinges 176 support an 
inner moving frame 178 for rotation about an axis established by 
the torsional flexure hinges 176. A diametrically opposed pair 
of inner slott d torsion-bar hinges 182 couple a central plate 

35 184 to the inner moving frame 178 for rotation about an axis 
established by the torsion-bar hinges 182. The axes of rotation 
established respectively by the torsional flexure hinges 176 and 
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FIG. 11 d picts a lens 112 adapted for use in the reflective 
switching module 100 for concurrently switching light carried by 
a dupl X pair of optical fibers 106a and 106b. As illustrated 
in FIG. 11, the duplex optical fiber ferrule 146 carries th 
5 duplex pair of optical fibers 106a and 106b. The ends 104a and 
104b of the optical fibers 106a and 106b and the faces 138a and 
138b of the lens 112 are all polished at an angle. The angles 
of the faces 138a and 138b are formed to compensate for the off- 
axis position of the optical fibers 106a and 106b so beams of 

10 light 108a and 108b impinging upon faces 138a and 138b from the 
optical fibers 106a and 106b are formed into quasi-collimated 
beams which exit the convex surface 142 parallel to but slightly 
offset from the longitudinal axis 144, and propagate in that way 
through the reflective switching module 100. Both of the beams 

15 of light 108a and 108b impinge upon the same pair of mirror 
surfaces 116a and 116b which are made large enough to simulta- 
neously reflect both beams of light 108a and 108b. When the two 
quasi-collimated beams of light 108a and 108b impinge upon 
another identically configured lens 112 and duplex pair of 

20 optical fibers 106 at the opposite side 102a or 102b of the 
reflective switching module 100, the lens 112 located there 
couples the beams of light 108a and 108b into the respective 
optical fibers 106 of the duplex pair. 

25 Torfliena l Mirror Configuration 

As described above, the mirror surfaces 116a and 116b of the 
sets 118a and 118b are preferably provided by electrostatically 
energized 2D torsional scanners of a type described in the '790 
patent. United States Patent Application Serial No. 08/885,883 

30 filed May 12, 1997, and published Patent Cooperation Treaty 
("PCT") Patent Application International Publication Number: 
WO 98/44571, both of which are also incorporated by reference, 
provide additional more detailed information regarding the 
preferred 2D torsional scanner. Hinges which permit the mirror 

35 surfac s 116 to rotate about two (2) non-parallel axes preferably 
include torsion sensors of a type disclosed in United States 
Patent No. 5,648,618 ("the •618 patent") that is also incorporat- 
ed herein by reference. The torsion sensors included in the 
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by the torsion-bar hinges 182 are non-parall 1, preferably 
perpendicular . 

It is important to note that the plate 184 of the torsional 
scanner 172 is rectangularly shaped with the longer sid being 
5 approximately 1.4 tiroes wider than the height of the plate 184. 
The plate 184 included in the reflective switching module 100 has 
a rectangular shape because the beam of light 108 impinges 
obliquely at an angle of 45"» on the mirror surface 116 carried 
by the plate 184. Consequently, for reflection of the beam of 

10 light 108 from the mirror surface 116 the rectangularly shaped 
plate 184 becomes effectively square. The plate 184 is prefera- 
bly 2.5 mm X 1.9 mm, and is typically between 5 and 15 microns 
thick as are the inner moving frame 178, the torsional flexure 
hinges 176 and torsion-bar hinge 182. The torsional flexure 

15 hinges 176 and torsion-bar hinge 182 are between 200 and 400 
microns long, and between 10 and 40 microns wide. The resonance 
frequencies on both axes are on the order of 400 to 800 Hz which 
permits switching a beam of light 108 between two optical fibers 
106 in approximately 1 to 5 milliseconds. Both the frontside 169 

20 and the backside 170 of the plate 184 are coated in perfect 
stress balance with identical metallic adhesion layers, prefera- 
bly 10.0 to 100.0 A* of titanium (Ti) or zirconium (Zr) which 
underlie a 500 to 800 A" thick metallic reflective layer of gold 
(Au). 

25 The torsional flexure hinges 176, which are illustrated in 

greater detail in FIG. 14a, provide various advantages in 
comparison with a conventional unfolded torsion bar. A United 
States patent application and a Patent Cooperation Treaty ("PCT") 
international patent application, which are both entitled 

30 "Micromachined Members Coupled for Relative Rotation by Torsional 
Flexure Hinges," which were both filed September 2, 1999, by 
Timothy G. Slater and Armand P. Neukermans and which are both 
incorporated herein by reference, describe the various advantages 
provided by the torsional flexure hinges 176. Most significant 

35 for the reflective switching module 100, the torsional flexure 
hinges 176 are more compact than a conventional unfolded torsion 
bar having an equivalent torsional spring constant. 
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The torsion-bar hinges 182, which are illustrated in greater 
detail in FIG. 14b, superficially resemble a conventional torsion 
bar hinge* However, differing from the conventional torsion bar 
hinge, the torsion-bar hinges 182 are pierced by several 
5 longitudinal slits 186, e.g. four (4) or five (5), that are 
oriented parallel to the length of the torsion-bar hinges 182. 
The slits 186 subdivide a single torsion bar into a number of 
much thinner individual bars that are much thicker than their 
width. Similar to the torsional flexure hinges 176, the 

10 torsion-bar hinges 182 are more compact than a conventional one- 
piece torsion bar having an equivalent torsional spring constant. 
However, in conformance with the disclosure in United States 
patent no. 5,629,790 the torsion-bar hinges 182 provide more mode 
separation between the principal torsional vibration mode and the 

15 higher order modes than the torsional flexure hinges 176. 
Moreover, the torsion-bar hinges 182 are much stiff er than the 
torsional flexure hinges 176 in a direction perpendicular to the 
plate 184. Consequently, use of the torsional flexure hinges 176 
and torsion-bar hinges 182 instead of a conventional unfolded 

20 torsion bar permits making much smaller torsional scanners 172 
that can be packed more closely together which correspondingly 
increases the number of optical fibers 106 that may be accommo- 
dated at the sides 102a and 102b of the reflective switching 
module 100. 

25 Each torsional scanner 172 included in the reflective 

switching module 100 includes a pair of torsion sensors 192a and 
192b, of a type disclosed in the '618 patent. The torsion 
sensors 192a and 192b measure orientation of the supported 
member, i.e. the plate 184 or the inner moving frame 178, with 

30 respect to the supporting member, i.e. the inner moving frame 178 
or the outer reference frame 174, at a theoretical resolution of 
approximately 1.0 micro-radians. In accordance with the 
description in the '618 patent, when the torsional scanner 172 
is operating in the reflective switching module 100 an electrical 

35 curr nt flows in series through the two torsion sensors 192a and 
192b between a pair of sensor-current pads 194a and 194b. 
Accordingly, th torsional scanner 172 includes a meandering 
metal conductor 196 that is bonded to the frontside 169 of the 
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device silicon layer 166. Starting at the sensor-current pad 
194a, the meandering metal conductor 196 crosses the immediately 
adjac nt torsional flexure hinge 176 from the outer reference 
frame 174 onto the inner moving frame 178 to reach the X-axis 
5 torsion sensor 192b that is located in the lower torsion-bar 
hinge 182* From the X-axis torsion sensor 192b the meandering 
metal conductor 196 continues onto a reflective, stress balanced 
metal coating, that is applied to both sides of the plate 184 to 
provide the mirror surface 116, and across the plate 184 and the 

10 upper torsion-bar hinge 182 back onto the inner moving frame 178. 
The meandering metal conductor 196 then leads to the Y-axis 
torsion sensor 192a that is located in the left hand torsional 
flexure hinge 176. From the Y-axis torsion sensor 192a, the 
meandering metal conductor 196 then curves around the outer 

15 reference frame 174 to the sensor-current pad 194b. Metal 
conductors, that are disposed on opposite sides of the meandering 
metal conductor 196 across the right hand torsional flexure hinge 
176 and on the inner moving frame 178, connect a pair of 
inner-hinge sensor-pads 198a and 198b to the X-axis torsion 

20 sensor 192b. Similarly, metal conductors, one of which is 
disposed along side the meandering metal conductor 196 on the 
outer reference frame 174 and the other with curves around the 
opposite side of the torsional scanner 172 on the outer reference 
frame 174, connect a pair of inner-hinge sensor-pads 202a and 

25 202b to the Y-axis torsion sensor 192a. A pair of grooves 204, 
cut only through the device silicon layer 166 on opposite sides 
of the inner-hinge sensor-pads 198a and 198b, increase electrical 
isolation between the sensor-current pad 194a and the inner-hinge 
sensor-pads 198a and 198b and the sensor-current pad 194b and the 

30 inner-hinge sensor-pads 202a and 202b. 

Preferably, the backside 170 of the plate 184 provides the 
mirror surface 116 because, as illustrated in FIG. 15, the 
frontside 169 faces an insulating substrate 212 which carries 
both electrodes 214 used in energizing rotation of the plate 184 

35 and contacts for the s nsor-current pads 194a and 194b, the 
inner-hinge sensor-pads 198a and 198b and the inner-hinge 
sensor-pads 202a and 202b not illustrated in FIG. 15. The plates 
184 of ach torsional scanner 172 are separated a distance, e.g. 
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from 40 t 150 microns, from th substrate 212 by spacers which 
are also not depicted in FIG 15. The separation between the 
plate 184 and the substrate 212 depends upon how far edg s of the 
plate 184 move during rotation. 
5 Note that for the reflective switching module 100 very thin 

plates 184, only a few microns thick, are desirable and can be 
fabricated using the device silicon layer 166 of the wafer 162. 
In many instances the plate 184 and the torsional flexure hinges 
176 and torsion-bar hinge 182 can be made of the same thickness 

10 as the device silicon layer 166. Alternatively, as illustrated 
in FIG. 15 the torsional flexure hinges 176 may be thinned by 
etching. For example, the torsional flexure hinges 176 may be 
6 microns thick while the plate 184 may be 10 microns thick. 
Analogously, the plate 184 may be thinned to reduce its moment 

15 of inertia by etching a cavity 216 into the plate 184 leaving 
reinforcing ribs 218 on the thinned plate 184. 

A telecommunication system component such as the reflect iv 
switching module 100 must exhibit high reliability. A plate 184 
of the torsional scanner 172 that accidentally collides with the 

20 electrode 214 should not stick to it, and should immediately 
rotate to its specified orientation. Furthermore, such acciden- 
tal collisions should not damage the torsional scanner 172, or 
any circuitry connected to the torsional scanner 172. To 
preclude stiction, as illustrated in FIG. 13 the periphery of the 

25 plate 184 and of the inner moving frame 178 have rounded corners 
that reduce the strength of the electrostatic field. Rounding 
the periphery of the plate 184 also reduces its effective turning 
radius which results from compound rotation of the plate 184 
about the axes respectively established by both torsional flexure 

30 hinges 176 and torsion-bar hinge 182. 

In addition to rounding the periphery of the plate 184 and 
the inner moving frame 178, as illustrated in FIG. 15a locations 
where the plate 184 may contact the electrodes 214 are overcoated 
with electrical insulating mat rial 219 such as polyimide. 

35 overcoating only those portions of the electrodes 214 which may 
contact the plate 184 with the electrical insulating material 219 
avoids charge stored on most of the 1 ctrodes 214. Analogously, 
during fabrication of the torsional scanner 172 some of the 
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silicon dioxide layer 164 may be left at the periphery f the 
plat 184 so the metallic reflective layer which provides the 
mirror surface 116 never contacts th electrode 214. Alt ma- 
tively, as illustrated in FIG, 16b holes 220 are formed through 
5 the metal of the electrodes 214 in areas of possible contact. 

During operation of the reflective switching module 100^ the 
torsional scanner 172 is at a ground electrical potential while 
driving voltages are applied to the electrodes 214. To reduce 
electrical discharge currents if the plate 184 contacts the 

10 electrodes 214, large resistors (e.g. 1.0 mQ) may be connected 
in series with the driving circuit for the electrodes 214. 
Ideally these resistors should be located as close as practicable 
to the electrodes 214 otherwise the conductor connecting between 
the electrodes 214 and the resistors might pickup stray electric 

15 fields that rotate the plate 184. Therefore, one alternative is 
to overcoat the electrodes 214 with a very high resistivity but 
slightly conductive material in selected areas such as those 
illustrated in FIG. 16a to provide a bleed path from the 
electrodes 214 for DC charges. Furthermore, inputs of all 

20 amplifiers connected to torsional scanners 172, such as those 
which receive orientation signals from the torsion sensors 192a 
and 192b, should include diode protection to prevent damage from 
an over-voltage condition due to arcing or accidental contact 
between the plate 184 and the electrodes 214. 

25 Several configurations exist that may be exploited advanta- 

geously to increase the density of the mirror array, which is 
usually the limiting factor on the density of optical fibers 106 
at the sides 102a and 102b. For several reasons, particularly 
the large number of contacts that must be brought out for each 

30 torsional scanner 172, the torsional scanners 172 are preferably 
arranged into strips 222 as illustrated in FIGs. 16a and 16b. 
Organizing the torsional scanners 172 into strips 222 increases 
their density above that which might be achieved if arranged as 
a 2 dimensional array of discr te torsional scanners 172. Each 

35 strip 222 includes a metal support frame 224 to which the 
substrate 212 is fastened. 

As explained in greater detail below, the strip 222 is flip- 
chip bonded to the substrate 212 so all electrical connections 
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to the Strip 222 are mad between the strip 222 and the substrate 
212. A flat polyimide backed mu It i -conductor ribbon cabl 226 
connects to th substrate 212 to xchange 1 ctrical signals 
between the pads 194, 198 and 202 and the electrodes 214. Since 
5 each support frame 224 may be an open frame possibly including 
reinforcing ribs, the ribbon cable 226 can be freely bent and 
guided away from the substrate 212. 

FIG. 16b illustrates how, without obscuring the mirror 
surfaces 116, the substrates 212 and the strips 222 may be 

10 overlapped with the ribbon cable 226 serpentined along the 
staircased substrates 212. Arranging the strips 222 in this way 
reduces the horizontal distance between the mirror surfaces 116 
of immediately adjacent strips 222 in relationship to the beams 
of light 108. since the beams of light 108 impinge upon the 

15 mirror surfaces 116 at approximately 45<>, the apparent distance 
between immediately adjacent strips 222 is further foreshortened 
by a factor of approximately 1.4 which, as described above, is 
why the plate 184 is preferably rectangularly shaped. 

One disadvantage with the configuration of strips 222 

20 illustrated in FIG. 16b is that the offset between immediately 
adjacent strips 222 cannot be less than the thickness of the 
torsional scanners 172 plus the substrate 212. Furthermore, 
overlapping of immediately adjacent strips 222 and substrates 212 
hinders removing a single defective strip 222 without disturbing 

25 immediately adjacent strips 222. 

FIGs. 16c and 16d illustrate a preferred embodiment for the 
strips 222 and the support frames 224 in which electrical leads 
228 that connect to the torsional scanners 172 are preferably 
provided by electrically conductive vias formed through the 

30 substrate 212. Alternatively, the leads 228 can be plated or 
screened onto one face, around one edge, and onto the other face 
of the substrate 212. With this configuration for the leads 228, 
attachment of the ribbon cable 226 to the substrate 212 is unhin- 
dered. Plating or screening the leads 228 onto the substrate 212 

35 and including some via holes through the substrate 212 permits 
the substrat 212 to be as narr w as the strip 222. Narrowed to 
this extent, the combined strips 222, substrates 212 and support 
frames 224 may now be arranged as illustrated in FIG. 16e for 
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both Of the s ts 118a and 118b. This permits the offset b tween 
immediately adjac nt strips 222 to be stablished as required by 
the optics of the reflective switching module 100 rather than by 
packaging considerations. The optimum offset between immediately 
5 adjacent strips 222 is approximately 0% to 10% of the distance 
between plates 184 in immediately adjacent strips 222. The 
configuration of the substrate 212 illustrated in FIG. 16d 
facilitates access to the substrate 212 and removal of the strip 
222 without disturbing adjacent support frames 224. Note that 

10 if necessary the leads 228 may be brought out around both edges 
of the substrate 212. This capability may be exploited advanta- 
geously to separate leads 228 carrying high voltage driving 
signals that are applied between the plate 184 and the electrodes 
214 from leads 228 which carry signals from the torsion sensors 

15 192a and 192b. 

The ribbon cables 226 can be attached to the substrates 212 
as illustrated in FIGs. 16d and 16e by hot bar bonding. 
Electrical connections between the leads 228 on the substrate 212 
and the multi-conductor ribbon cables 226 can be provided by 

20 solder, or, preferably, by anisotropically electrically conduc- 
tive film. The mechanical attachment of the ribbon cable 226 to 
the substrate 212 can be reinforced by a strain-relief bead 229 
of epoxy, 

Without reducing the size of the plate 184, as illustrated 
25 in FIG. 17a the density of the optical fibers 106 at the sides 
102a and 102b may be increased by offsetting the torsional 
scanners 172 of immediately adjacent strips 222 vertically by 
one-half the vertical distance between torsional scanners 172 
within the strip 222. Due to the convergence criteria set forth 
30 above for arranging the beams of light 108 within the reflective 
switching module 100, offsetting the torsional scanners 172 in 
immediately adjacent strips 222 effects a reorganization of the 
holes 154 which receive the optical fiber collimator assemblies 
134 from a quasi rectangular array into a quasi hexagonally clos 
35 packed array. While offsetting the torsional scann rs 172 in 
immediately adjacent strips 222 does not increase th density of 
the torsional scanners 172, such an arrangem nt of the torsional 
scanners 172 does increase the density of the optical fibers 106 
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either of 1 nses 112 or of optical fiber collimator assemblies 
134, limits the spacing b tween immediately adjacent optical 
fibers 106. 

5 The density of torsional scanners 172 may be even further 

increased by fabricating the torsional scanners 172 as completely 
monolithic two dimensional arrays rather than as strips 222. As 
illustrated in FIG. 17b, offsetting the torsional scanners 172 
in immediately adjacent columns permits interdigitation of the 

10 torsional flexure hinges 176 of torsional scanners 172 into an 
empty space that occurs between torsional scanners 172 in 
immediately adjacent columns or rows of the array. This 
interdigitating of the torsional flexure hinges 176 provides a 
shorter distance between centers of plates 184 of torsional 

15 scanners 172 in adjacent columns or rows, and more closely 
approximates a hexagonal close packing of the torsional scanners 
172 and, correspondingly, of the optical fibers 106 at the sides 
102a and 102b. 

An alternative embodiment for strips 222 orients the 

20 torsional flexure hinges 176 and torsion-bar hinge 182 at 45** 
with respect to the vertical and horizontal axes of the support 
frame 224. FIGs. 18a and 18b illustrate a diagonal configuration 
for the torsional flexure hinges 176 and torsion-bar hinge 182 
which more efficiently uses area on the strips 222 than a 

25 configuration in which the torsional flexure hinges 176 and 
torsion-bar hinge 182 are oriented parallel and perpendicular to 
strips 222. Using a diagonal orientation for the torsional 
flexure hinges 176 and torsion-bar hinge 182 oriented at 45^ with 
respect to the outer reference frame 174, they can be longer 

30 without increasing the area occupied by the torsional scanner 
172. The plate 184 is elongated in one direction to accommodate 
the 45* impingement angle of the beam of light 108. Due to the 
elliptical shape of the beam of light 108 as it impinges upon the 
plate 184, corn rs of the beam of light 108 may be eliminat d 

35 resulting in an octagonally shaped plate 184, which conveniently 
provides room for the outer reference frame 174. Sides of the 
outer referenc frame 174 are oriented in the <110> crystallo- 
graphic direction of silicon for ease of fabrication • This 
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configuration for the torsional scanner 172 orients the torsion 
sensors 192a and 192b along the <100> crystallographic direction 
of silicon. Thus, a wafer 162 having a p-type device silicon 
layer 166 or p-type implantation must be used in fabricating th 
5 torsion sensors 192a and l92b. The <110> and <100> crystallo- 
graphic directions of silicon may be interchanged with suitable 
process changes. 

Using the arrangement of the torsional scanner 172 illus- 
trated in FIG, 18b, 1.5 x 2 mm plates 184 may be spaced only 2.5 

10 mm apart effectively increasing the density of mirror surfaces 
116 by a factor of 1.4. When viewed at the approximate 45** 
incident angle of the beams of light 108, the strips 222 slope 
at 54**. In this configuration the strips 222 are oriented at 
45** to the support frames 224. This orientation of the strips 

15 222 is necessary if the mirror surfaces 116 are to fully 
intercept the beams of light 108. The support frames 224 could 
be oriented at 45** which permits all the strips 222 to be the 
same length, thereby using area on wafers 162 more efficiently. 
FIG. 19a illustrates yet another alternative embodiment of 

20 the torsional scanner 172 which further reduces its size thereby 
further shortening distances between immediately adjacent mirror 
surfaces 116 in the reflective switching module 100. From the 
preceding description it is apparent that positioning the 
torsional flexure hinges 176 and torsion-bar hinge 182 at corners 

25 rather than sides of the plate 184 advantageously reduces the 
size of the torsional scanner 172. In FIG. 19a an elliptically- 
shaped curve 232 represents an outline of the beam of light 108 
impinging on the mirror surface 116 of the plate 184. Because 
the beam of light 108 does not impinge on the corners of the 

30 plate 184, the inner torsion-bar hinges 182 may be rotated with 
respect to the plate 184 to occupy unused corner space. As in 
the configuration of the torsional scanner 172 illustrated in 
FIG. 18a, the outer torsional flexure hinges 176 continues to 
occupy corners of the outer reference frame 174. 

35 Not only does placement of the torsion-bar hinges 182 at the 

corners of th plate 184 as illustrated in FIG. 19a r duce the 
size of the torsional scanner 172, it also reduc s compounding 
of the angles when th plate 184 rotates simultaneously about 
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both axes* Compounding increas s the distance through which 
corners of the plate 184 mov when the plate 184 simultaneously 
rotates about ax s established by both torsional flexur hinges 
176 and torsion-bar hinge 182, Compounding increases the 
5 separation required between the plate 184 and the substrate 212 
which correspondingly increases the voltage that must be applied 
between the plate 184 and the electrodes 214 for equivalent 
performance in rotating the plate 184. However^ if the plate 184 
has an aspect ratio that is not square as will usually occur for 

10 plates 184 included in the reflective switching module 100, then 
the torsion sensors 192a and 192b in torsional flexure hinges 176 
and torsion-bar hinge 182 depicted in FIG. 19a are no longer 
oriented along orthogonal crystal lographic directions, i.e. 
either <100> or <110> directions, of silicon. This is undesir- 

15 able, since the torsion sensors 192a and 192b in the torsional 
flexure hinges 176 and torsion-bar hinge 182 then respond both 
to bending and torsion of the torsional flexure hinges 176 and 
torsion-bar hinge 182. 

Because the plate 184 depicted in FIG. 19a has an aspect 

20 ratio of approximately 1.4:1, axes of rotation 236a and 236b 
established by the torsional flexure hinges 176 and torsion-bar 
hinge 182 intersect at approximately 70.5®. However, reorienting 
the axes of rotation 236a and 236b slightly until they intersect 
at 90®, as illustrated in FIG. 19b, permits the torsional flexure 

25 hinges 176 and torsion-bar hinge 182 to be oriented along a 
single crystallographic direction of silicon, e.g. the <100> 
crystal lographic orientation if the outer reference frame 174 is 
aligned along the <110> crystallographic direction of silicon. 
Configured as illustrated in FIG. 19b, the torsional scanner 172 

30 provides a significant amount of space for the inner torsion-bar 
hinges 182 in the corners of the plate 184 which reduces the size 
of the torsional scanner 172. Furthermore, the configuration of 
the torsional scanner 172 illustrated in FIG. 19b preserves the 
crystallographic orientation of the torsion s nsors 192a and 192b 

35 while the compounding effect, though not completely eliminated, 
is significantly reduced. How ver, in the configuration of th 
torsional scanner 172 depicted in FIG. 19, the orthogonal axes 
of rotation established by the torsional flexure hinges 176 and 
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torsion-bar hinge 182 ar ori nted obliquely to the length and 
width of the plate 184. Nevertheless, because only small angular 
rotations of the plate 184 occur during operation of the 
reflective switching module 100 the area of the plate 184 upon 
5 which the beam of light 108 impinges changes insignificantly when 
the plate 184 rotates. 

Incorporating the torsional scanners 172 illustrated in 
FIGs. 18a or 19a into one of the set 118a or 118b of mirror 
surfaces 116 to maximize their respective advantages requires 

10 rearranging the shape of the set 118a or 118b. A preferred 
arrangement for strips 222' of torsional scanners 172 depicted 
in FIG. 18a is illustrated in FIG. 20a. As described above and 
depicted FIG. 20a, the strips 222* are mounted at a 45** angle 
with respect to a horizontal base 242 of the reflective switching 

15 module 100. In the illustration of FIG. 20a, the support frames 
224 • carrying the strips 222* are also mounted at a 45** angle 
with respect to the base 242. The two axes established by the 
torsional flexure hinges 176 and torsion-bar hinge 182 about 
which the plates 184 rotate are indicated by x and y axes 244 

20 depicted in FIG. 20a. The maximum rotation angles for plates 184 
about axes established by the torsional flexure hinges 176 and 
torsion-bar hinge 182 allowed for identical torsional scanners 
172 at the other set 118b or 118a of mirror surfaces 116 
establishes a serrated rectangularly-shaped field 246 of 

25 addressable torsional scanners 172 in the addressed set 118a or 
118b. 

This optimum rectangularly-shaped field 246 is truncated at 
the corners and has sides that are approximately diagonal to the 
strips 222*. For the arrangement illustrated in FIG. 20a, the 

30 longest strip 222 » must include at least 1.4 times more torsional 
scanners 172 than that required for a rectangular array of the 
torsional scanners 172 assembled from the strip 222 illustrated 
in FIG. 16a. However, torsional scanners 172 may be omitted from 
locations in the set 118a or 118b that cannot be addressed from 

35 th oth r set 118b or 118a. Thus, only a few of the strips 222 • 
illustrated in FIG. 20a n ed be full length. Those strips 222* 
that include only a few torsional scanners 172 might ev n be 
eliminated entirely. For example by using 40 strips 222' 
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containing a maximim 44 torsional scanners 172, it is possibl 
to arrang as nany as 1152 torsional scann rs 172 in the s t 118a 
or 118b, with v ry small scan angles, and relatively small mirror 
sizes. A different arrangement provides for 1132 torsional 
5 scanners 172, which measure only 1.59 by 2.2 mm, and requires 
deflection angles of 3.69* and 3.3**. The strips 222' of th 
torsional scanners 172 are oriented at an average of 55* to th 
optical fiber collimator assemblies 134. The arrangement 
illustrated in FIG. 20a, though slightly more complex substan- 

10 tially increases the density of the torsional scanners 172 and, 
correspondingly, the optical fiber collimator assemblies 134, and 
allows more scanners to be addressed for particular rotation 
angles specified for the plates 184. 

FIG. 20b illustrates an analogous re-arrangement at the sets 

15 118a and 118b of torsional scanners 172 of the type depicted in 
FIG. 19b. For this arrangement of the torsional scanners 172 
depicted in FIG. 19b the strips 222" and the support frames 224" 
are oriented vertically similar to the illustration of FIG. 16a. 
However, the x and y axes 244 about which the plate 184 rotate 

20 are oriented at 45* with respect to the strips 222" and their 
support frames 224". The oblique orientation of the x and y axes 
244 with respect to the strips 222" and the support frames 224" 
again means that the maximum rotation angles for plates 184 of 
corresponding torsional scanners 172 at the other set 118b or 

25 118a of mirror surfaces 116 establishes a serrated octagon or 
truncated rectangularly-shaped field 256 of addressable torsional 
scanners 172 at the addressed set 118a or 118b. If the 
rectangularly-shaped field 256 established for these torsional 
scanners 172 is p x q, then the optimum field coverage for strips 

30 is a square or rectangular field with an area of .7 to 1.2 pq, 
symmetrically arranged along the diagonal x and y axes 244. This 
results in an aspect ratio for the rectangularly-shaped field 256 
that is slightly elongated in the direction of the strips 222", 
e.g. 1.0:1.3. If the set ll8a or 118b have horizontally oriented 

35 strips 222" and support frames 224", then the elongation of the 
rectangularly-shaped field 256 becomes horizontal rather than 
vertical. For manufacturing conveni nee, all strips 222" are 
mad the same length. Analogous to the arrangement of torsional 
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scanners 172 depict d in FIG. 20a, there again exist areas of the 
rectangularly-shap d field 256 which can omit torsional scanners 
172, Again it is advantageous to omit shorter strips 222" along 
the sides of the rectangularly-shap d field 256 which hav few 
5 torsional scanners 172, and to slightly elongate others strips 
222". In the example illustrated in FIG. 20b, for a 1.8 by 2.4 
mm plate 184 and rotation angles for the plates 184 about the x 
and y axes 244 of 5.6* and 3.7* the arrangement significantly 
increases the number of torsional scanners 172 to approximately 
10 1,500. 

In the configurations of the reflective switching module 100 
described thus far, the optical fiber collimator assemblies 134 
are fastened in the convergence block 152 which is located some 
distance from at least portions of the sets 118a and 118b of 

15 mirror surfaces 116. This configuration for the reflective 
switching module 100 requires very good alignment of the optical 
fiber collimator assemblies 134 to the mirror surfaces 116. FIG. 
21 illustrates an arrangement of whereby the collimating lens 
112, optical fibers 106 and strips 222 of torsional scanners 172 

20 are brought closer together thereby relaxing tolerances for their 
alignment. In that illustration, the substrate 212 is made wider 
than the strip 222 and a mirror strip 262 attached to the surface 
of the substrate 212 opposite to the strip 222 to establish a 
beam-folding and deflecting assembly 264. The beam-folding and 

25 deflecting assemblies 264 are then arranged into a repeating, 
regular structure in which the quasi -col lima ted beam of light 108 
reflecting off the mirror strip 262 of one beam-folding and 
deflecting assembly 264 impinges upon the mirror surface 116 
provided by the immediately adjacent torsional scanner 172. 

30 Since in the arrangement illustrated in FIG. 21 all the lenses 
112 are located an identical short distance from their associated 
mirror surface 116, alignment of the beams of light 108 to their 
respective mirror surfaces 116 is less critical. 

Convergence of the beams of light 108 may be provided in on 

35 dimension by tilting each mirror strip 262 slightly from a 
nominal 45* angle as illustrated schematically in FIG. 21a. 
Convergence in a second dimension may be obtained by appropriate- 
ly orienting the optical fib r collimator assemblies 134 with 
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r spect to their respective associated mirror surfaces 116 as 
illustrated schematically in FIG. 21b- Combining these individu- 
al on dim nsional convergences produces the preferred two 
dimensional convergence described previously. Orientations for 
5 the mirror strips 262 and for the optical fiber collimator 
assemblies 134 may be chosen to produce the preferred convergence 
with identical beam-folding and deflecting assemblies 264 that 
are mounted at slightly different angles with respect to each 
other. Because in the arrangement illustrated in FIG. 21 the 

10 substrates 212 are near their associated mirror surface 116^ 
almost the entire five-hundred (500) to nine-hundred (900) mm 
long path between the sides 102a and 102b is between pairs of 
mirror surfaces 116 in the sets 118a and 118b thereby reducing 
the angles through which the plates 184 must rotate. 

15 As illustrated in PIG. 13, all electrical connections to the 

torsional scanners 172 occur at the frontside 169 of the device 
silicon layer 166, and as illustrated in FIG. 15 the beam of 
light 108 reflects off a metallic layer coated onto the backside 
170 of the device silicon layer 166. To form electrical 

20 connections between the substrate 212 and the torsional scanners 
172 in the strip 222, the strip 222 is preferably flip-chip 
bonded to the substrate 212. The substrate 212 may accommodate 
more than one strip 222 by using a substrate 212 that is larger 
than the strip 222. The substrate 212 may be fabricated in 

25 various different ways. 

Preferably, the substrate 212 is fabricated from a ceramic 
material such as aluminum oxide (alumina), or, to more closely 
match the coefficient of thermal expansion of silicon, aluminum 
nitride. To provide high density electrical interconnections for 

30 coupling the torsional scanners 172 with the ribbon cable 226, 
electrically conductive vias are laser drilled or punched through 
ceramic material forming the substrate 212. 

Alternatively, the substrate 212 may be fabricated from a 
100 wafer of silicon. If th substrate 212 is fabricated from 

35 a silicon wafer, then cavities 272 may be anisotropically etched 
into th substrate 212 to provide spac for rotation of the 
plates 184, and to establish a precisely controlled spacing 
between the plate 184 and electrodes 214 located in the cavities 
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272. Electrical insulation between leads 228 and between 
electrodes 214 may be obtained by forming an electrically 
insulating oxide on the surface of the silicon substrate 212. 
The electrodes 214 may either be integrated into the silicon 
5 substrate 212 or deposited onto the silicon surfaces within each 
of the cavities 272. 

If the substrate 212 is fabricated from a silicon wafer, 
then electronic circuits may also be advantageously integrated 
thereinto. The circuits included in a silicon substrate 212 may 

10 include current sources for providing an electrical current to 
the torsion sensors 192a and 192b of the torsional scanners 172, 
differential amplifiers for receiving signals from the torsion 
sensors 192a and 192b which indicate the orientation of the inner 
moving frame 178 and the plate 184, and amplifiers for supplying 

15 high voltage signals to the electrodes 214 that energize rotation 
of the plate 184. Incorporating these various different type of 
electronic circuits into the substrate 212 significantly reduces 
the number of leads that must be included in the ribbon cable 
226. The number of leads in the ribbon cable 226 may be even 

20 further reduced by including one or more multiplexer circuits in 
the silicon substrate 212. 

Photo-detectors which respond to a wavelength of light 
present in the beam of light 108 and which are disposed on the 
surface of the substrate 212 adjacent to the strip 222 outside 

25 shadows cast by the mirror surfaces 116 may be advantageously 
included on the substrate 212 to detect if a portion of the beam 
of light 108 misses the mirror surfaces 116. For wavelengths of 
light used for optical fiber telecommunications, such photo- 
detectors sense if a portion of the beam of light 108 misses the 

30 mirror surfaces 116 even if they are covered by portions of the 
strip 222 other than the mirror surfaces 116 because silicon is 
transparent to light at wavelengths used for optical fiber 
telecommunications • 

Referring now to FIGs. 22a-22c, the strip 222 is joined to 

35 the substrate 212 by electrically-conductive bonds 276 formed in 
various ways to be described in greater detail below. The 
electrically-conductive bonds 276 rigidly interconnect pads on 
the substrate 212 with the pads 194, 198 and 202 of the torsional 
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scanners 172 of the strip 222. The flip-chip bonding of 
materials forming th strip 222 and the substrate 212 which have 
closely matched coefficients of thermal expansion introduc s a 
negligible amount of stress thereby keeping the strip 222 flat. 
5 The electrically-conductive bonds 276 can be made out of 

solder, electroplated metal and/or electrically conductive epoxy 
material. Electrically conductive epoxy provides a compliant 
connection for the electrically-conductive bonds 276 that absorbs 
mismatch in coefficients of thermal expansion between the strip 

10 222 and the substrate 212 thus reducing stress on the strip 222. 
Conductive epoxy material can be screen printed, or dispensed 
from a syringe* Projecting Au stud bumps or electroplated metal 
bumps may be formed at appropriate locations on the strip 222 
and/or on the substrate 212 in conjunction with electrically 

15 conductive epoxy material to provide: 

1. improved connections between the strip 222 and th 
substrate 212; and 

2, greater thermal conductivity between the strip 222 and 
the substrate 212. 

20 The Au stud bumps can be coined to ensure that they have a 
uniform height, and/or to shape them for increasing mechanical 
bond strength with the epoxy. 

Electrically conductive epoxy material usually bonds well 
to substrates 212 formed using ceramic material such as aluminum 

25 oxide or aluminum nitride. However, the electrically conduct iv 
epoxy material does not form a similarly strong a bond with the 
strip 222. The cross-sectional diagram of FIG. 22e illustrates 
roughening the surface of contact pads on the strip 222 by 
anisotropically etching truncated pyramidally-shaped troughs 278 

30 into the device silicon layer 166 of the wafer 162. The troughs 
278 increases the surface bonding area between the 
electrically-conductive bonds 276 and contact pads located at the 
troughs 278 thereby anchoring the electrically-conductive bonds 
276 more secur ly to the strip 222. 

35 To increase th mechanical bond strength betwe n the strip 

222 and the substrate 212, to reduce thermomechanical str ss on 
the lectrically-conductive bonds 276, and to protect the 
electrically-conductive bonds 276 from environmental factors such 
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as humidity, any gap between peripheries of the strip 222 and the 
substrate 212 can be eliminated by an underfill 279, illustrated 
in FIG, 22b. To prev nt entry of the underfill material into the 
cavities 272^ a dam must surround them at least until the 
5 underfill 279 cures. A compliant underfill 279 such as silicon 
can be used to absorb a coefficient of thermal expansion mismatch 
between the substrate 212 and the strip 222 thereby reducing 
stress on the strip 222. 

If the substrate 212 is fabricated from silicon or from 

10 polysilicon, then as depicted in FIG. 22d a large number of very 
small electrically conductive vias 282 may be formed, using a 
process similar to that described by Calmes, et al. in Transduc- 
ers 99 at page 1500, through the silicon wafer during fabrication 
of the substrate 212. Holes for the vias 282 are first formed 

15 through the wafer using the standard Bosch deep reactive ion etch 
(WRIE") process. The holes may be 50 micron wide and 500 micron 
deep. The wafer is then oxidized thus establishing an electri- 
cally insulating oxide layer 284 which isolates the hole from the 
surrounding wafer. Then a highly doped polysilicon layer 286 is 

20 grown over the oxide layer 284 by providing a conductive path 
along the surface of wafer and in the holes. Obtaining a 
sufficiently conductive polysilicon layer may also recjuire gas 
phase doping of the polysilicon layer 286 with phosphorus. The 
conductive polysilicon layer 286 formed in this way electrically 

25 connects both sides of wafer. If desired, rings 288 may then be 
etched through the polysilicon layer 286 around each via 282 
thereby electrically isolating the vias 282 from each other. To 
increase electrical conductivity of substrate 212 and to 
facilitate forming an electrical contact to the vias 282, one or 

30 more additional metal layers may be coated either on one or both 
sides of the substrate 212 and appropriately patterned. 

Mounting of the strip 222 to the substrate 212 that includes 
the vias 282 is depicted in FIG. 22d. Electrical connections 
between the strip 222 and vias 282 of the substrate 212 are again 

35 formed by electrically-conductive bonds 276. An elastomer layer 
292 fastens a polyimide and copper sheet 294 which forms the 
ribbon cable 226 to the side of the substrate 212 furthest from 
the strip 222 of torsional scanners 172. Ballgrid or TAB bumps 
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298 mak contact to the conductive vias 282 to establish 
electrical c nnections with the polyimide and copper sheet 294. 
In this way a very large number of contacts to be brought through 
the substrate 212 with relatively low electrical resistance vias 
5 282. 

If the substrate 212 is fabricated from polysilicon or from 
Pyrex glass, then the cavities 272 may be etched thereinto. 
However, if the substrate 212 is made from a ceramic material or 
Pyrex then the electrodes 214 must be deposited onto surfaces 

10 within the cavities 272. If the strip 222 is fabricated from a 
flat sheet of material such as ceramic, then as illustrated in 
FIG. 22f a layer of material providing a spacer 299 must be 
inserted between the strip 222 and the substrate 212. For 
substrates 212 lacking etched cavities 272, the spacer 299 

15 establishes a precisely controlled gap between the plates 184 and 
the electrodes 214 that permits rotation of the plates 184. The 
spacer 299 may be arranged to also provide a dam that bars entry 
of the underfill 279 into the cavities 272. The spacer 299 may 
be made by screen printing material onto the substrate 212 which 

20 is subsequently lapped to the appropriate thickness. Preferably, 
the spacer 299 is made using either a solder dam material Vacrel® 
manufactured by E. I. du Pont de Nemours and Company, or a dry 
film photoresist material that is laminated onto the substrate 
212 and photo lithographically patterned. Several layers of dry 

25 film material of the same or differing thicknesses can be stacked 
to provide the desired thickness for the spacer 299. If the dry 
film acts as a negative, a sec[uence of films can be stacked and 
exposed without development after each lamination thereby 
assembling a pyramidal-shaped structure. With the spacer 299 

30 secured to the substrate 212, a syringe can be used to dispense 
conductive epoxy material for the electrically-conductive bonds 
276, and the conductive epoxy material need not be cured or 
b->staged before juxtaposing the substrate 212 with the strip 222. 
The spacer 299 thus established between the substrat 212 and the 

35 strip 222 also mechanically isolates adjacent torsional scanners 
172. 

Note that steep sides 302 formed by ill planes exposed by 
anisotropic etching of the handle silicon layer 168 of the wafer 
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162, illustrated in FIG. 15, prove very advantageous for flip- 
chip bonding. Not only do the sides 302 substantially protect 
the mirror surface 116 on the backside 170 of the plate 184 from 
damage during manufacturing while concurrently mechanically 
5 reinforcing the strip 222, but their steep angle scarcely 
obscures the beam of light 108 impinging upon the mirror surface 
116 at an angle of approximately 45*'. Furthermore, the mirror 
surface 116 may be protected from contamination by stretching an 
extremely thin pellicle 304, similar to those used for integrated 
10 circuit ("IC") masks, across the backside of the handle silicon 
layer 168. 

Due to the presence of the handle silicon layer 168 
surrounding the mirror surface 116, the flip-chip configuration 
for mounting the torsional scanner 172 also permits advantageous- 

15 ly reducing light scattering as illustrated in FIG. 23. The 
steep sides 302 and surrounding backside of the handle silicon 
layer 168 may be coated with an anti reflection layer 312 which 
effectively absorbs stray light impinging thereon as the beam of 
light 108 switches between mirror surfaces 116. The steep sides 

20 302 also scatter stray light from the beam of light 108 at very 
large angles which prevents the side 102a or 102b toward which 
the beam of light 108 propagates from receiving stray light as 
the beam of light 108 switches between mirror surfaces 116. 

FIG. 24 schematically illustrates the reflective switching 

25 module 100, such as those illustrated in FIGs. 2, 4a-4b, 5, 6 and 
7 as described thus far, encased within an environmental housing 
352 that completely encloses the optical path through which the 
beams of light 108 propagate. As described above, the reflective 
switching module 100 mechanically interconnects the sides 102a 

30 and 102b and the sets 118a and ll8b and keeps them rigidly 
aligned. The environmentally sealed environmental housing 352, 
which protects the reflective switching module 100, may provide 
temperature regulation thereby maintaining a stable operating 
environment for the reflective switching modul 100. A con- 

35 trolled, dry gas, such as nitrogen, may flow through the 
environmental housing 352 to hinder moisture from condensing 
within the reflective switching module 100. The environmental 
housing 352 may also be slightly pressurized to exclude the 
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surrounding atmosphere from the reflective switching modul lOO. 
The environmental housing 352 may include a nonsaturabl 
microdryer 353 as described in United States Patent No. 4,528,078 
to control the humidity of atmosphere within the reflective 
5 switching module 100. A wall 354 of the environmental housing 
352 is pierced by electrical feed-throughs 356 for ribbon cables 
226. The optical fiber collimator assemblies 134 secured about 
the ends 104 of the optical fibers 106 plug directly into th 
convergence blocks 152 which project through the environmental 

10 housing 352. In this way, the environmental housing 352 almost 
hermetically encloses the reflective switching module 100, 
within the environmental housing 352, to reduce the possibility 
of optical misalignment, the ribbon cables 226 are routed 
carefully to avoid applying stresses to the reflective switching 

15 module 100, particularly the support frames 224 and the sub- 
strates 212. 

Fiber optic Switch 

FIG. 25 illustrates a modular fiber optic switch in 
20 accordance with the present invention referred to by the general 
reference character 400. The fiber optic switch 400 includes a 
standard twenty-^three (23) inch wide telecommunications rack 402 
at the base of which is located the environmental housing 352 
containing the reflective switching module 100. The environmen- 
25 tal housing 352 containing all the torsional scanners 172 rests 
on a special pedestal on the floor immediately beneath the rack 
402, and is only very flexibly connected to the rack 402, 
Supporting the environmental housing 352 on the special pedestal 
minimizes vibration, etc. and thermally couples the environmental 
30 housing 352 to the floor to enhance its thermal regulation. 

Portcard 

Mounted in the rack 402 above the environmental housing 352 
are numerous duplex sockets 404 included in portcards 406 that 
35 are adapted to receiv duplex pairs of optical fibers 106. One 
optical fiber 106 of a dupl x pair brings one beam of light 108 
to the fiber optic switch 400 and another receives one beam of 
light 108 from the fiber optic switch 4 00. The portcards 406 are 



wo 01/07945 



PCT/USOO/20028 



- 49 - 

arranged either horizontally or vertically within the rack 402, 
and can be individually removed or installed without interfering 
with immediately adjacent portcards 406. As is a common practice 
in the telecommunications industry, the portcards 406 are hot 
5 swappable. The reflective switching module 100 may contain spare 
mirror surfaces 116 so the fiber optic switch 400 can retain its 
full operating capability if a few of the mirror surfaces 116 
were to fail. It is readily apparent that, in principle, all or 
any lesser number of the optical fibers 106 connected to a 

10 portcard 406 may receive a beam of light 108 therefrom. 
Similarly, all or any lesser number of the optical fibers 106 
connected to a portcard 406 may carry a beam of light 108 to the 
portcard 406. The optical fibers 106 may be organized in duplex 
pairs as illustrated in FIG. 26, but need not be so organized. 

15 In the block diagram of FIG. 26, all items to the left of 

a dashed line 412 are included in the portcard 406, and all items 
to the right of a dashed line 414 are included in the reflective 
switching module 100. The area between the dashed lines 412 and 
414 illustrates a backplane of the rack 402. Each portcard 406 

20 includes electronics, alignment optics and electro-optics 
required to control operation of a portion of the reflective 
switching module 100. Thus, all of the optical fibers 106 
included in the reflective switching module 100 connect to a 
portcard 406. Similarly, all of the torsional scanners 172 

25 having mirror surfaces 116 upon which any of the beams of light 
108 may impinge connect via its substrate 212 and a ribbon cable 
226 to a portcard 406. Each portcard 406 preferably, but not 
necessarily, connects to sixteen (16) or thirty-two (32) optical 
fibers 106, one-half of which it is envisioned may be receiving 

30 a beam of light 108 from the portcard 406 and one-half that may 
be carrying a beam of light 108 to the portcard 406. In FIG. 26 
the odd number subscripted optical fibers 106i, IO63, • • • 1062n-i 
carry a beam of light 108 to the reflective switching module 100 
while the even number subscripted optical fib rs IO62, IO64, 

35 • • • 10620 carry a beam of light 108 from the reflective 
switching module 100. 

The portcard 406 includes light sources 422 and taps or 
directional coupl rs 424 for supplying and coupling light into 
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the optical fiber 106 for use in servo alignment of the reflec- 
tive switching module 100. The directional coupl rs 424 also 
supply light received from the reflective switching module 100 
via optical fibers 106 to light detectors 426. The portcard 406 
5 also includes driving, sensing and control electronics 432, e.g. 
a digital signal processor ("DSP") together with its associated 
circuits, which exchange electrical signals via the ribbon cables 
226 with the electrodes 214 included in the substrates 212 and 
with the torsion sensors 192a and 192b included in each of th 

10 torsional scanners 172 mounted on the substrates 212. The 
driving, sensing and control electronics 432 controls the 
orientation of mirror surfaces 116 including implementing servo 
loops that ensure their proper orientation, and also communicates 
with the supervisory processor 436 through an RS232 data 

15 communication link 438- 

The backplane between dashed lines 412 and 414 includes 
connections for the optical fibers 106 to the portcards 406, 
preferably roultifiber connectors for single mode, optical fiber 
ribbon cables that connect, for example, 12, 16 or more optical 

20 fibers 106. The backplane between dashed lines 412 and 414 also 
includes connectors 442 for all the ribbon cables 226, the data 
communication link 438 and other miscellaneous electrical 
connections such as electrical power required for operation of 
the driving, sensing and control electronics 432. 

25 In orienting a pair of mirror surfaces 116, one in each of 

the sets 118a and 118b, to couple one beam of light 108 between 
one optical fiber 106 at side 102a and another at side 102b, the 
two mirror surfaces 116 are initially oriented appropriately 
using pre-established angular coordinates which specify rotations 

30 about two (2) axes for each mirror surface 116 in the pair. 
Thus, for an Nxn reflective switching module 100 and ignoring any 
spare mirror surfaces 116 included in the reflective switching 
module 100, the fiber optic switch 4 00 must store 4xn2 values for 
orientation signals produced by the torsion sensors 192a and 192b 

35 includ d in each torsional scanner 172. Accordingly, the 
refl ctive switching module 100 includes a look-up table 452, 
illustrated in FIG. 27a that is maintained in the sup rvisory 
processor 436, that stores th AxU^ values for orientation 
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signals for use at any time during the operating life of the 
fib r optic switch 400* 

The 4xN^ values for orientation signals produced by the 
torsion sensors 192a and 192b included in each torsional scanner 
5 172 may be initially determined analytically. During assembly 
of the fiber optic switch 400, the analytically determined 
coordinates and orientation signals are fine tuned to accommodate 
manufacturing tolerances, etc. Furthermore, throughout the 
operating life of the fiber optic switch 400 these coordinates 

10 and orientation signals may be updated when necessary. Accord- 
ingly, the look-up table 452 stores compensation data for initial 
values of the coordinates and orientation signals, e.g. sensor 
offsets and temperature compensation since the temperature 
coefficient of the torsion sensors 192a and 192b is well 

15 characterized. 

In a preferred embodiment of the fiber optic switch 400, a 
higher frequency servo system uses the orientation signals 
produced by the torsion sensors 192a and 192b in controlling 
orientation of each mirror surface 116. The frequency response 

20 of this higher frequency servo system permits accurate orienta- 
tion of pairs of mirror surfaces 116 when switching from one 
pairing of optical fibers 106 to another pairing. The higher 
frequency servo system also maintains orientation of all mirror 
surfaces 116 despite mechanical shock and vibration. To ensure 

25 precise orientation of pairs of mirror surfaces 116 during 
operation of the fiber optic switch 400, the fiber optic switch 
400 also employs lower frequency optical feedback servo described 
in greater detail below. 

In initially orienting a pair of mirror surfaces 116, one 

30 in each of the sets 118a and 118b, to couple one beam of light 
108 between one optical fiber 106 at side 102a and another at 
side 102b, stored values for orientation signals are transmitted 
from the look-up table 452 respectively to two dual axis servos 
454 that are included in the portcards 406 for ach torsional 

35 scanner 172 which exchanges signals with the portcard 406. Each 
dual axis servo 454 transmits driving signals via the ribbon 
cable 226 to the electrodes 214 included in the substrates 212 
to rotate the mirror surfaces 116 to pre-established orienta- 
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tions. The two torsion sensors 192a and 192b included in ach 
torsional scanner 172 transmit their respective orientation 
signals back to the respective dual axis servos 454 via the 
ribbon cable 226. The dual axis servos 454 respectively compare 
5 the orientation signals received from their associated torsion 
sensors 192a and 192b with the values for orientation signals 
received from the look-up table 452. If any difference exists 
between the stored values for orientation signals received from 
the look-up table 452 and the orientation signals which the dual 

10 axis servos 454 receive from their respective torsion sensors 
192a and 192b, then the dual axis servos 454 appropriately 
correct the driving signals which they transmit to the electrodes 
214 to reduce any such difference. 

FIG. 27b depicts one of two identical channels, either 

15 X-axis or y-axis, of the dual axis servos 454. As depicted in 
that FIG. and as described above, a current source 462, included 
in the portcard 406, supplies an electric current to the series 
connected torsion sensors I92a and 192b of the torsional scanner 
172. Differential output signals from one or the other of the 

20 torsion sensors 192a and 192b, in the illustration of FIG. 27 the 
X-axis torsion sensor 192b, are supplied in parallel via the 
ribbon cable 226 to inputs of an instrumentation amplifier 463 
also included in the portcard 406. The instrumentation amplifier 
463 transmits an output signal that is proportional to the signal 

25 produced by the X-axis torsion sensor 192b to an input of an 
error amplifier 464. 

As described above, the driving, sensing and control 
electronics 432 of the portcard 406 includes a DSP 465 which 
executes a computer program stored in a random access memory 

30 ("RAM") 466. Also stored in the RAM 466 are values for orienta- 
tion signals which specify an orientation for the mirror surface 
116 that have been supplied from the look-up table 452 maintained 
at the supervisory processor 436. The computer program executed 
by the DSP 465 retrieves the angular coordinate, either X-axis 

35 or Y-axis as appropriate, and transmits it to a digital-to-analog 
converter (DAC) 467. Th DAC 467 converts the angular coordinate 
received from th DSP 465 in the form of digital data into an 
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analog signal which the DAC 467 transmits to an input of the 
error amplifier 464. 

An output of the error amplifier 464 transmits a signal t 
an input of an integrator circuit 472 that is proportional to th 
5 difference between the analog signal representing the angular 
coordinate and the signal from the instrumentation amplifier 463 
that is proportional to the signal produced by the X-axis torsion 
sensor 192b. The integrator circuit 472, consisting of an 
amplifier 473 and a network of resistors 474 and capacitors 475, 

10 transmits an output signal directly to an input of a summing 
amplifier 476a, and to an input of an inverting amplifier 477. 
The inverting amplifier 477 transmits an output signal to an 
input of a second summing amplifier 476b. In addition to the 
signals respectively received directly from the integrator 

15 circuit 472 and indirectly from the integrator circuit 472 via 
the inverting amplifier 477, inputs of the summing amplifiers 
476a and 476b also receive a fixed bias voltage. The summing 
amplifiers 476a and 476b respectively transmit output signals, 
which are proportional to a sum of their respective input 

20 signals, to inputs of a pair of high voltage amplifiers 478a and 
478b. The high voltage amplifiers 478a and 478b respectively 
transmit driving signals via the ribbon cable 226 either to the 
X-axis or to Y-axis electrodes 214 of the torsional scanner 172. 
In this way the dual axis servos 454 supply differential 

25 drive signals to the electrodes 214 of the torsional scanner 172 
which respectively are symmetrically greater than and less than 
a voltage established by the bias voltage supplied to the summing 
amplifiers 476a and 476b. Furthermore, the drive signals which 
the dual axis servos 454 supply to the electrodes 214 are 

30 appropriately corrected to reduce any difference that might exist 
between the output signals from the torsion sensors 192a and 192b 
and the values for orientation signals specified in the look-up 
table 452. 

Since single crystal silicon at room temperatures does not 
35 undergo plastic deformation, is dislocation free, has no losses, 
and do s not xhibit fatigue, the mechanical charact ristics of 
torsional f lexur hinges 176 and torsion-bar hinge 182 made from 
that material remain stable for years. Consequently, a combina- 
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tion of the long t rm stability of the torsional flexur hinges 
176 and torsion-bar hinge 182 and the torsion sensors 192a and 
192b assure that the values for orientation signals which th 
look-up table 452 supplies to the pair of dual axis servos 454 
5 will effect almost precise alignment of pairs of mirror surfaces 
116. 

However, as is disclosed in the *463 and the '153 patents, 
inclusion of an optical servo loop in a fiber optic switch 
ensures precise alignment. To permit implementing such an 

10 optical servo loop, as depicted in FIG. 26 each portcard 406 
included in the fiber optic switch 400 includes one directional 
coupler 424 for each optical fiber 106 together with one light 
detector 426. Each directional coupler 424 couples approximately 
5% to 10% of light propagating through one optical fiber included 

15 in the directional coupler 424 into another optical fiber with 
95% to 90% of that light remaining in the original optical fiber. 
Consequently, if a light source 422 is turned-on 5% to 10% of the 
light emitted by the light source 422 into the directional 
coupler 424 passes into an incoming optical fiber 106, e.g. 

20 optical fiber 106^, for transmission onto the reflective 
switching module 100 together with 95% to 90% of any other light 
that is already propagating along the optical fiber 106 toward 
the reflective switching module 100. The reflective switching 
module 100 couples this combined light from the incoming optical 

25 fiber 106, e.g. optical fiber 106^, into an outgoing optical 
fiber 106, e.g. optical fiber IO62. Upon reaching the direction- 
al coupler 424 associated with the outgoing optical fiber 106, 
e.g. optical fiber IO62, 5% to 10% of the light received from the 
reflective switching module 100 passes from the optical fiber 106 

30 through the directional coupler 424 to the light detector 426 
connected to that directional coupler 424. If necessary, the 
fiber optic switch 400 exploits the ability to introduce light 
into the optical fiber 106 for transmission through the reflec- 
tive switching module 100 and then recovering a fraction of the 

35 transmitted light to analyze and adjust the initial operating 
state of specific pairs of mirror surfaces 116. 

In considering operation of this optical servo portion of 
the fiber optic switch 400, it is important to note that th 
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optical servo aligns a pair of mirror surfaces 116 regardless of 
the direction in which alignment light propagates through th 
pair of mirror surfaces 116, i*e. from incoming optical fiber 106 
to outgoing optical fiber 106 or conversely. Consequently, in 
5 principle the portcards 406 need equip only one-half of th 
optical fibers 106 included in the fiber optic switch 400, e.g. 
all the incoming optical fibers 106 or all the outgoing optical 
fibers 106, with the light source 422. However, to facilitate 
flexible and reliable operation of the fiber optic switch 400 in 

10 a telecommunication system all of the directional couplers 424, 
both those connected to incoming and to outgoing optical fibers 
106, may, in fact, be equipped with the light source 422. 

When initially aligning pairs of mirror surfaces 116, if th 
the fiber optic switch 400 detects sufficient light propagating 

15 along an incoming optical fiber 106, it will use the incoming 
light for alignment. However, if there is insufficient light 
propagating along the incoming optical fiber 106, then light 
from the light source 422 coupled into the optical fiber 106 is 
intensity modulated at a very low frequency, e.g. turned on and 

20 off, and the signal produced by light detectors 426 analyzed to 
detect the presence of the modulation on outgoing optical fibers 
106. If light from the light source 422 is used for alignment, 
the portcard 406 through which the outgoing optical fiber 106 
passes prevents the intensity modulated light from leaving the 

25 fiber optic switch 400. The light on the outgoing optical fiber 
106 may be kept within the fiber optic switch 400 by including 
a 1x2 switch at the output of the portcard 406 and directing the 
modulated light generated by the light source 422 to a dead-ended 
optical fiber. By modulating the light produced by different 

30 light sources 422 in differing ways, e.g. at different frequen- 
cies or in differing patterns, the reflective switching module 
100 can concurrently perform initial alignment of many different 
pairs of mirror surfaces 116 coupling beams of light 108 between 
pairs of ends 104, and may verify the existence of a specified 

35 corr ct connection. 

Referring now to FIG. 26a, an output from ev ry directional 
coupler 424 of the portcard 406 supplies light to a 
telecom-signal-strength photo-detector 482. Every 
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t 1 com-signal-strength photo-detector 482 receives and r spends 
to a fraction of light propagating into the reflectiv switching 
module 100 along the optical fib rs 106 r gardless of whether the 
optical fiber 106 is an incoming or an outgoing optical fib r 
5 106. Thus, after a pair of mirror surfaces 116 have been 
initially aligned, perhaps using intensity modulated light from 
the light source 422, output signals from two 
telecom-signal-strength photo-detectors 482 indicate whether 
portcard 406 must supply light from the light source 422 for 

10 precisely aligning the mirror surfaces 116 or whether the 
incoming optical fiber 106 carries a telecommunication signal of 
sufficient strength to permit precise optical alignment. If the 
signals from the pair of telecom-signal-strength photo-detectors 
482 indicate that neither of two optical fibers 106 carry 

15 sufficient light to perform precise optical alignment, then the 
portcard 406 turns-on the light source 422 to obtain the required 
light, otherwise light present on an incoming optical fiber 106 
is used for that purpose. 

One approach for using light introduced into the optical 

20 fiber 106 from the light source 422 illustrated in F . 26a 
envisions using 850 nm light from a relatively inexpensive laser 
diode for the light source 422. In this approach, an 
alignment-light detector 484 that is sensitive to red wavelengths 
of light may be an inexpensive silicon photo-detector. However, 

25 in addition to light generated by the light source 422 at 850 nm, 
the incoming optical fiber 106 may also be concurrently carrying 
light at optical telecommunication wavelengths, e.g. 1310 A« or 
1550 A", which perhaps has greater power than that generated by 
the light source 422. To ensure separation of the 850 nm 

30 alignment light generated by the light source 4222j_i and supplied 
to the reflective switching module 100 via optical fiber 1062j-i 
from light at optical telecommunication wavelengths, the output 
of the directional coupler 424 which emits a portion of the light 
received by the portcard 406 from the ref 1 ctive switching module 

35 100 directs such light onto a dichroic mirror 4862j. The 
dichroic mirror 48623 r fl cts the 850 nm alignment light to th 
alignment-light detector 484 while permitting light at optical 
telecommunication wavelengths to pass onto a 
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t 1 com-signal-monitoring photo-detector 488. If the reflective 
switching module 100 is to be fully bidirectional so any optical 
fiber 106 may at any instant b an incoming or an outgoing 
optical fiber 106, then a dichroic mirror 4862j-a must be used 
5 with the directional coupler 4242j.i to separate light from the 
light source 4222j-i from light at optical telecommunication 
wavelengths that the telecom-signal-monitoring photo-detector 
4882j.i receives • 

For several reasons after the pair of mirror surfaces 116 

10 have been initially precisely aligned optically to establish a 
connection via the reflective switching module 100 between an 
incoming optical fiber 106 and an outgoing optical fiber 106, it 
appears advantageous to turn-off the light source 422 and to use 
light coming to the fiber optic switch 400 at optical telecommu- 

15 nication wavelengths in periodically checking alignment. The 
configuration of the light source 422 and light detector 426 
remains as depicted in FIG. 26a. Operating in this way, the 
telecom-signal-strength photo-detector 482 which first receives 
light at optical telecommunication wavelengths coming into the 

20 fiber optic switch 400 via the duplex sockets 404 detects loss 
of light or loss of modulation in incoming light. During such 
operation of the fiber optic switch 400 , the 
telecom-signal-monitoring photo-detectors 488 are used in 
conjunction with the telecom-signal-strength photo-detectors 482 

25 for periodically monitoring and maintaining the quality of light 
transmission through the reflective switching module 100. Tests 
have demonstrated that the orientation signals from the torsion 
sensors 192a and 192b supplied to the dual axis servo 454 
maintain adequate alignment of the mirror surfaces 116 for 

30 extended period of time, e.g. hours. Consequently, after a pair 
of mirror surfaces 116 have been precisely aligned optically only 
relatively infrequent adjustment of the mirror orientation is 
required to compensate for drift in the torsion sensors 192a and 
192b, temperature changes, mechanical creep of the r flective 

35 switching module 100 including the support frames 224 and perhaps 
th substrates 212, etc. 

In an alternative approach for detecting alignment light 
supplied from the light source 422 at 850 nm, the dichroic mirror 
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4862j and its associated photo-detectors 484 and 488 may be 
replaced by a compound sandwich photo-detector, illustrated in 
FIG. 26b. In the compound sandwich d tec tor illustrated there, 
a silicon photo-detector 492 is mounted over a long wavelength 
5 photo-detector 494 such as germanium (Ge) or indiiim gallium 
arsenide (InGaAs) photo-detector. The compound sandwich photo- 
detector absorbs the shorter alignment wavelength in the silicon 
photo-detector 492. However, longer wavelengths of the optical 
telecommunications light pass virtually un-attenuated through the 

10 silicon photo-detector 492 to be absorbed in the long wavelertgth 
photo-detector 494. Use of the compound sandwich photo-detector 
fully separates the two signals. The InGaAs photo-detector may 
be replaced by a second Ge photo-detector to detect the longer 
wavelength light, but with less sensitivity than the InGaAs 

15 photo-detector. However, a difficulty associated with using 
light at 850 nm for alignment is that the directional couplers 
424 become multi-mode devices so the fraction of the alignment 
light being coupled into and out of the optical fiber 106 varies 
over time. 

20 To avoid difficulties associated with using 850 nm light for 

precisely aligning a pair of mirror surfaces 116 optically, it 
is also possible and advisable to supply light at optical 
telecommunication wavelengths, e.g. 1310 A** or 1550 A**, from th 
light source 422. Light at these wavelengths may be provided by 

25 an inexpensive vcsel. While vcsels lack the precise wavelength 
or stability of expensive laser sources of such light, the 
precision and stability provided by laser sources are not 
required for optically aligning a pair of mirror surfaces 116. 
Using light at optical telecommunication wavelengths has the 

30 advantage that the and the alignment-light detector 484 may be 
eliminated, and that the coupling coefficient for the directional 
couplers 424 are higher and more stable than for 850 nm light. 
Therefore, a vcsel need supply less light or power for optical 
alignment than a laser diode producing 850 nm light. 

35 Because every optical fiber 106 passes through a portcard 

406, a significant portion of th manufacturing cost of the fiber 
optic switch 400 is th cost of the portcards 406. Thus, it is 
economically advantageous to reduce, as much as practicable, th 
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manufacturing cost for portcards 406, Thus, if initial optical 
alignment of pairs of mirror surfaces 116 requires using an 
expensiv laser that gen rat s light at optical t lecommunication 
wavelengths for the light source 422, the cost of that source may 
5 be shared among directional couplers 424 using a IxN optical 
switch. Such a ixN optical switch may be very large to provide 
light to all the portcards 406. Alternatively, to enhance 
reliability the fiber optic switch 400 might include several such 
optical telecommunication lasers with a smaller ixN optical 

10 switches each one of which provides light to only the directional 
couplers 424 included in a single portcard 406. 

As described thus far, the portcards 406 use directional 
couplers 424 to inject light into or extract light from the 
optical fibers 106. Since directional couplers 424 are a 

15 comparatively expensive component, reducing their cost is 
advantageous. FIGs. 26c and 26d illustrate using lower cost, 
bent-fiber taps 495 for injecting light into or extracting light 
from the optical fibers 106 as is commonly done when fusing 
optical fibers. 

20 In the illustration of FIG^ 26c, each incoming optical fiber 

IO623-.1 bends around a sufficiently small, grooved mandrel 496 so 
light radiates from the optical fiber IO623.1 as is well known in 
the art. This technique also permits injecting light emitted 
from the light source 422 into the core or cladding of th 

25 optical fiber IO623-1 although that is less desirable because the 
cladding permits multi-mode light propagation. Light propagating 
in the core of the optical fiber IO623-1 then becomes the beam of 
light 108 that is directed by a pair of mirror surfaces 116 to 
the output optical fiber 1062^. Each outgoing optical fiber 1065^ 

30 also bends around a mandrel 496 so light radiating from the 
optical fiber 1062j strikes the light detector 4262^. The light 
detector 4262j may have two (2) sections 426a and 426b, one 
section 426a for monitoring alignment light, and one section 426b 
for monitoring light at optical communication wavel ngths. 

35 Alternatively, the light detector 4262^ may be of the type 
illustrated in FIG. 26b and d scribed previously in which the 
sections 426a and 426b overlay each oth r. 
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As described previously / th telecom-signal-str ngth 
photo-detector 4822j.i monitors loss and loss of modulation of 
optical communication light propagating into the reflective 
switching module 100 along the input optical fiber 1062j-i, while 
5 the section 426b2j monitors light that passes through the 
reflective switching module 100 at optical communication wave- 
lengths. The telecom-signal-strength photo-detector 4822j and 
light detector 4262j.i serve the corresponding functions for bi- 
directional duplex optical fibers 106. 

10 If alignment light has the same wavelength- as optical 

communication light, then using tandem detection is unnecessary. 
As described previously, in principle the same light source 422 
may inject light into several optical fibers 106 simultaneously. 
Alignment light may be coupled into the cladding or into the core 

15 of the optical fiber 1062j-i. If coupled into the cladding, the 
alignment light may be removed from the optical fiber 1062j by an 
absorber 497 located along the output optical fiber IO623 past 
the mandrel 496. This then allows continuous use of virtually 
any wavelength of light for aligning the mirror surfaces 116, 

20 since no alignment light propagates beyond the portcard 406. The 
bent-fiber tap 495 may be employed for all optical fibers 106, 
both incoming and outgoing of the portcard 406. 

Other possibilities exist for reducing the cost of the 
portcards 406. For example, because the plates 184 carrying the 

25 mirror surfaces 116 move comparatively slowly in comparison with 
digital electronic signals, and because the electrodes 214 and 
the plates 184 form a capacitor that will, for a short interval, 
store an applied voltage, most circuitry of the dual axis servos 
454 illustrated in FIG. 27b may be time-shared among several 

30 different pairs of electrodes 214. FIG. 27c illustrates a 
circuit for sharing a single channel of one dual axis servo 454 
among several different pairs of electrodes 214. In the 
illustration of FIG. 27c, the output signal from the high voltage 
amplifiers 478a and 478b are supplied respectively to inputs of 

35 high-voltag multiplexers 512a and 512b. Other inputs of th 
high-voltage multiplexers 512a and 512b rec iv digital sel ction 
signals sent from the DSP 465 via a set of digital control lin s 
514, Output signal lines from the high-voltage multiplexers 5i2a 
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and 512b connect r spectively to individual el ctrodes 214, for 
exampl all the el ctrodes 214 that connect to a single portcard 
406. 

The digital selection signals supplied to the high-voltage 
5 multiplexers 512a and 512b specify to which of several pairs of 
electrodes 214 the voltages present at the outputs of the high 
voltage amplifiers 478a and 478b are respectively applied by the 
high-voltage multiplexers 512a and 512b. When a particular pair 
of electrodes 214 is to be selected, in addition to transmitting 

10 the appropriate digital selection signals to the high-voltage 
multiplexers 512a and 512b, the DSP 4 65 also transmits data 
specifying the appropriate output voltages to the DAC 467. 
Responsive to the data received by the DAC 467, the high voltage 
amplifiers 478a and 478b then produce appropriate driving 

15 voltages for the selected pair of electrodes 214 while the 
high-voltage multiplexers 512a and 512b couple that voltage to 
electrodes 214 selected. 

If the capacitance provided by pairs of electrodes 214 and 
their associated plate 184 is insufficiently large to adequately 

20 store an applied voltage throughout the interval between 
successive connections between the electrodes 214 and the high 
voltage amplifiers 478a and 478b via the high-voltage 
multiplexers 512a and 512b, then small capacitors 516 may be 
connected between the output signal lines of the high-voltage 

25 multiplexers 512a and 512b and circuit ground. By switching 
sufficiently rapidly, only a single pair of high voltage 
amplifiers 478a and 478b are needed for all the electrodes 214 
connected to the portcard 406. The digital computer program 
executed by the DSP 465 may select pairs of electrodes 214 in a 

30 sequence that minimizes the change in voltage which the high 
voltage amplifiers 478a and 478b must supply to successive pairs 
of electrodes 214 thereby reducing the slewing requirement of the 
high voltage amplifiers 478a and 478b. 

Alternatively, because the electrostatic force between the 

35 plate 184 and a pair of el ctrodes 214 is independent of the sign 
of the applied voltage, rotation of the plate 184 can be indue d 
by an alternating current ("AC") voltage rather than a direct 
current ("DC") voltage. Moreover, an AC driving voltage can be 
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appli d between the plate 184 and a pair of electrod s 214 using 
step-up transformers. Th use of such step-up transformers 
simplifies the circuit which applies th driving signal to th 
electrodes 214 because the primary of the transformer receives 
5 a much lower voltage that is more compatible with semiconductor 
devices thereby eliminating any need for high voltage components. 

FIG. 27d depicts a circuit for applying an AC voltage to th 
electrodes 214 of a torsional scanner 172 to induce rotation both 
of the plate 184 and of the inner moving frame 178. The circuit 

10 illustrated in FIG. 27d includes three (3) high-frequency 
transformers 522, 524 and 526 each of which preferably has a 
ferrite core. An oscillator 528 supplies a low AC voltage, e.g. 
10 volts peak-to-peak ("P-P"), to a primary winding 532 of the 
transformer 522 at a high frequency, i.e. significantly higher 

15 than the mechanical resonant frequency of the plate 184. The 
transformer 522 increases the AC voltage received from the 
oscillator 528 twenty (20) times to approximately 200 volts P-P 
at an secondary winding 534 of the transformer 522. The 
secondary winding 534 of the transformer 522 connects respective- 

20 ly to center taps of secondary windings 536a and 536b of the 
transformers 524 and 526. Opposite terminals of the secondary 
winding 536a of the transformer 524 connect to the electrodes 
214a and 214b that are juxtaposed with the plate 184. Similarly, 
opposite terminals of the secondary winding 536b of the trans- 

25 former 526 connect to the electrodes 214a and 214b that are 
juxtaposed with the inner moving frame 178. 

The low AC voltage supplied to the primary winding 532 of 
the transformer 522 is also applied directly, and through an 
inverting amplifier 538, to inputs of multiplying DACs 542a and 

30 542b. Similar to the DAC 467 depicted in FIG. 27b, other inputs 
to the multiplying DACs 542a and 542b receive angular coordinate 
data for the plate 184 and for the inner moving frame 178 
directly from the DSP 465. Outputs of the multiplying DACs 542a 
and 542b conn ct respectively to primary windings 544a and 544b 

35 of the transformers 524 and 526. Connected in this way to the 
transformers 524 and 526, the multiplying DACs 542a and 542b can 
apply adjustable AC voltages to the primary windings 544a and 
544b of the transformers 524 and 526 that are either in-phase or 
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out-of-phase with the AC voltage applied to the primary winding 
532 of the transformer 522. The transformers 524 and 526 both 
increase the AC voltage received respectively from the multiply- 
ing DACs 542a and 542b forty (40) times to approximately 400 
5 volts P-P across the secondary windings 536a and 536b. If the 
multiplying DACs 542a and 542b apply no voltage to the primary 
windings 544a and 544b of the transformers 524 and 526, then no 
net torque is applied to the plate 184 or to the inner moving 
frame 178. 

10 FIG. 27e illustrates waveforms at the secondary winding 534 

of the transformer 522 and respectively at the electrodes 214a 
and 214b that are juxtaposed with the plate 184 when^ responsive 
to data received from the DSP 465, the multiplying DAC 542a 
applies an AC voltage across the transformer 524 in-phase with 

15 the voltage applied to the primary winding 532 of the transformer 
522. Because the electrostatic force between the plate 184 and 
a pair of electrodes 214 is independent of the sign of the 
applied voltage, for the waveforms depicted in FIB. 27e the 
forces applied to the plate 184 respectively by the electrodes 

20 214a and 214b differ. Not only can the multiplying DACs 542a and 
542b apply unequal, in*phase AC voltages across the primary 
windings 544a and 544b of the transformers 524 and 526 responsive 
to data received from the DSP 465, such data may also cause the 
multiplying DACs 542a and 542b to apply voltages that are out-of- 

25 phase across the primary windings 544a and 544b as indicated in 
FIG. 27f. 

The net result of applying the voltages such as those 
illustrated either in FIGs. 27e or in 27f to the electrodes 214 
is that the plate 184 tilts closer to one of the electrodes 214a 

30 or 214b and away from the other electrode 214b or 214a. The 
inertia of the plate 184 smooths and evens out the effect of 
intermittent force applied at twice the frequency of the AC 
voltage produced by the oscillator 528. If the frequency of the 
AC voltage generated by the oscillator 528 is sufficiently low, 

35 then th resulting small oscillation of the plate 184 may be used 
for phase sensitive detection of signals for precisely aligning 
the beam of light 108. Unequal fore s may also be applied to the 
plate 184 by the electrodes 214a and 214b by varying the phase 
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relationship between a constant amplitude AC vol tag applied to 
the transformer 524 and that applied to the transform r 522, 
rather than by varying the AC voltage applied to the transform r 
524. Operation of the multiplying DAC 542b and the transformer 
5 526 to effect rotation of the inner moving frame 178 is identical 
to that described above for the plate 184. 

Note that the dual axis servo 454 depicted in FIG. 27b 
applies symmetric DC voltages to pairs of electrodes 214 to 
induce rotation of the plate 184 with the voltage on one 

10 electrode 214 increasing and the other decreasing by equal 
amounts. Such drive voltages balance any capacitive coupling to 
the signals from the torsion sensors 192a and 192b because they 
are usually exposed symmetrically to the voltages applied to 
pairs of the electrodes 214. Furthermore, to minimize switching 

15 and transient noise the long output lines from the torsion 
sensors 192a and 192b are arranged so that they are exposed 
ecjually to positive and negative voltage swings. Techniques to 
balance the exposure of these signal lines to drive signals 
supplied to the electrodes 214 may include inserting additional 

20 lines in connectors and/or leads, and applying voltages so that 
each sensor line is fully symmetrically exposed to both voltage 
swings. Alternatively shielded lines may be used for signals 
from the torsion sensors 192a and 192b, and the drive signal 
lines to the electrodes 214 placed closely together to avoid 

25 inductive and capacitive coupling. 

npt-ieal Beam Alignmftnti 

Including the fiber optic switch 400 in a telecommunications 
network makes reliability and availability of utmost importance. 

30 Therefore, it is extremely important that the mirror surfaces 116 
are always under control of the dual axis servos 454, that 
initially forming a connection which couples light from one 
optical fiber 106 to another optical fiber 106 via the reflective 
switching module 100 b precise, and that the quality of the 

35 coupling be maintained while the connection persists. As 
describ d above in connection with FIGs. 26 and 26a, all the 
portcards 406 pr vide a capability for monitoring the precise 
alignment of pairs of mirror surfaces 116 either with light 
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incoming to the fiber optic switch 400 or with light generated 
by one of the light sources 422. 

The fiber optic switch 400 exploits the capability of the 
portcards 406 to facilitate optical alignment of pairs of mirror 
5 surfaces 116 by monitoring the quality of coupling between pairs 
of optical fibers 106 connected to the reflective switching 
module 100* In monitoring the quality of that coupling^ th 
fiber optic switch 400 tilts slightly each mirror surface 116 in 
a pair from the orientation specified by the values for orienta- 

10 tion signals stored in the look-up table 452^ i.e. dithering both 
mirror surfaces 116, while concurrently monitoring the strength 
of the beam of light 108 coupled between the two optical fibers 
106. Because, in general, monitoring the strength of the beam 
of light 108 coupled between two optical fibers 106 requires 

15 coordination between two of the at least thirty-six (36) 
portcards 406 included in the fiber optic switch 400, that 
process must at least be supervised by the supervisory processor 
436 illustrated in FIG. 26. Accordingly, whenever it is 
necessary or helpful to optically align a pair of mirror surfaces 

20 116 the supervisory processor 436 sends appropriate commands to 
the DSP 465 included in each of the involved portcards 406, 
illustrated in FIG. 27b, via the data communication link 438 and 
a RS232 port 502 included in each of the portcards 406. The 
commands sent by the supervisory processor 436 cause the DSP 465 

25 to send coordinate data to the two DACs 467 included in the dual 
axis servo 454 which tilts slightly the mirror surface 116 whose 
orientation the dual axis servo 454 controls. Because this 
change in orientation changes the impingement of the beam of 
light 108 on the lens 112 associated with the outgoing optical 

30 fiber 106, the amount of light coupled into the associated 
optical fiber 106 changes. This change in the light coupled into 
the optical fiber 106 is coupled through the directional coupler 
424 through which the outgoing light passes to the light detector 
426 included in that portcard 406. To permit det cting this 

35 Chang of light, the computer program executed by th DSP 465 
acquires light int nsity data from an analog-to-digital converter 
("ADC") 504 that is coupled to the light detector 426 as 
illustrated in FIG. 27b. The fiber optic switch 400, either in 
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the DSP 465 on th portcard 406 or in the supervisory processor 
436, or in both, analyz s this light intensity data to precisely 
align the two mirror surfaces 116 for coupling the b am of light 
108 between the two optical fibers 106. 
5 After the mirror surfaces 116 have been precisely aligned 

optically, the fiber optic switch 400 confirms that light from 
the incoming optical fiber 106 is being coupled through th 
reflective switching module 100 to the proper outgoing optical 
fiber 106 by dithering only the mirror surface 116 upon which the 

10 incoming beam of light 108 first impinges. If the reflective 
switching module 100 has been properly aligned to couple light 
between a specified pair of optical fibers 106, the intensity 
modulation of light from the incoming beam of light 108 caused 
by dithering this particular mirror surface 116 must appear in 

15 only the correct outgoing optical fiber 106, and in no other 
optical fiber 106. 

After the pair of mirror surfaces 116 have been optically 
aligned as described above, and after confirming that incoming 
light is being coupled through the reflective switching module 

20 100 into the proper optical fiber 106, the fiber optic switch 400 
periodically monitors the quality of the connection using th 
ability to dither the orientation of the mirror surfaces 116. 
The computer program executed by the supervisory processor 436 
as appropriate uses the alignment data acquired in this way for 

25 updating the angular coordinate data stored in the look-up table 
452, and may also preserve a log of such data thereby permitting 
long term reliability analysis of fiber optic switch 400. 

Tnflnstrinl Appi inabi 1 ity 

30 FIG. 28a shows an alternative embodiment structure for 

receiving and fixing optical fibers 106 that may be used at the 
sides 102a and 102b instead of the convergence block 152 and the 
optical fiber collimator assemblies 134. In the structure 
depicted in FIG. 28a, a clamping plate 602, micromachined from 

35 silicon, secures th optical fibers 106. An adjustment plat 
604, also micromachined from silicon, permits adjusting the ends 
104 of the optical fibers 106 that protrud ther through both 
from side-to-side and up-and-down, and th n fixing the ends 104 
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in their adjusted position. The clamping plate 602 is pierced 
by an array of holes 606 which are etched through a 1.0 to 2.0 
mm thick silicon substrate using the Bosch deep RIE process. The 
holes 606, which have a diameter only a few microns larger than 
5 the optical fibers 106, typically have a diameter of 100 to 125 
microns which matches the outer diameter of typical optical 
fibers 106. If the clamping plate 602 must be thicker than 1.0 
to 2.0 mm, then two or more plates can be juxtaposed and 
registered kinematically to each other using V-groves and rods. 

10 After being registered, two or more juxtaposed clamping plates 
602 can be glued together. 

The hole 606 positions the optical fibers 106 precisely with 
respect to each other within a few microns. The high depth-to- 
diameter ratio of the holes 606, e.g. 10:1 or greater, facili- 

15 tates fixing the optical fibers 106 longitudinally. To ease 
insertion of optical fibers 106 into the holes 606, a pyramidally 
shaped entrance 608 to the holes 606, only one of which is 
illustrated in FIG. 28a, may be formed on one side of the 
clamping plate 602 using anisotropic etching. 

20 While the holes 606 may be formed as right circular 

cylinders, they may also have more complicated cylindrical 
profiles such as that illustrated in FIG. 28b. The holes 606 may 
be RIE or wet etched to provide a profile in which a cantilever 
612 projects into the hole 606. The cantilever 612 is positioned 

25 with respect to the remainder of the hole 606 so that insertion 
of the optical fiber 106 thereinto bends the cantilever 612 
slightly. In this way the cantilever 612 holds the optical fiber 
106 firmly against the wall of the hole 606 while permitting th 
optical fiber 106 to slide along the length of the hole 606. The 

30 holes 606 may incorporate other more complicated structures for 
fixing the optical fiber 106 with respect to the holes 606. For 
example, a portion of each hole 606 may be formed with the 
profile depicted in FIG. 28b while the remainder, etched in 
registration from the opposite side of the clamping plat 602, 

35 may be shaped as a right circular cylinder. 

After the clamping plate 602 has be n fabricated, optical 
fibers 106 are insert d through all the holes 606 until all the 
optical fibers 106 protrude equally a few millimeters, e.g. 0.5 
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to 3.0 ma, out of th clamping plate 602. Protrusion of the 
optical fibers 106 this far beyond the clamping plate 602 permits 
easily bending them. Id ntical protrusion of all th optical 
fibers 106 may be ensured during assembly by pressing the ends 
5 104 of the optical fibers 106 against a stop. The optical fibers 
106 may be fixed to the clamping plate 602 by gluing, soldering, 
or simply be held by frictional engagement with the cantilever 
612. 

The adjustment plate 604, best illustrated in FIG. 28c, 

10 includes an array of XY micro-stage stages 622 also etched 
through a 1.0 to 2.0 mm thick silicon substrate using the Bosch 
deep RIE process. Each XY micro-stage 622 includes a hole 624 
adapted to receive the end 104 of the optical fiber 106 that 
projects through the clamping plate 602. The distances between 

15 holes 624 piercing the adjustment plate 604 are identical to 
those which pierce the clamping plate 602, and may be formed with 
the profile depicted in FIG. 28b. Each optical fiber 106 fits 
snugly within the hole 624. 

FIG. 29 a depicts in greater detail one of the XY 

20 micro-stage stages 622 included in the adjustment plate 604. An 
analogous monolithic silicon XY stage is described in United 
States Patent no. 5,861,549 ("the '549 patent") that issued 
January 19, 1999. FIG 29a illustrates that the entire XY 
micro-stage 622 is formed monolithically from a silicon substrat 

25 using RIE etching. An outer base 632, that encircles the XY 
micro-stage 622, is coupled to an intermediate Y-axis stage 634 
by four (4) flexures 636 of a type described by Teague, et al. 
in. Rev. SCI. Instrum., 59, pg. 67, 1988. Four similar flexures 
642 couple the Y-axis stage 634 to a X-axis stage 644. The 

30 flexures 636 and 642 are of the paraflex type and therefore 
stretch adequately for the XY motion envisioned for the hole 624. 
The XY micro-stage 622 need only to be able to move and position 
the ends 104 of the optical fibers 106 over small distances which 
avoids undu stress on the flexures 636 and 642. 0th r configu- 

35 rations for the fl xures 636 and 642, similar to those described 
in the '549 patent, may also be used. 

Th XY micro-stage 622 likely omits any actuators, but the 
Y-axis stage 634 may be fixed in relation to the outer base 632 
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with a metal ribbon, e.g. gold, kovar, tungsten, molybdenum, 
aluminum, or wire linkage 652. Similarly, the X-axis stage 644 
may be fixed in relation to the Y-axis stage 634 also with a 
metal ribbon or wire linkage 654. The material chosen for the 
5 linkages 652 and 654 preferably has a coefficient of expansion 
the same as or close to that of silicon. However, if the 
linkages 652 and 654 are short, e.g. 100 microns, then even for 
a 20 PPM differential coefficient of expansion between the 
silicon and the metal (e.g. aluminum) , the movement of the X-axis 

10 stage 644 with respect to the outer base 632 would only be 
approximately 20 A** per degree Celsius. Metals other than 
aluminum provide even greater thermal stability. 

In adjusting the XY micro-stage 622, the linkages 652 and 
654 are first bonded respectively to the Y-axis stage 634 and to 

15 the X-axis stage 644. By pulling the metal linkages 652 and 654 
simultaneously while viewing the end 104 of the optical fiber 106 
through a microscope, the X-axis stage 644 may be moved along 
both the X and Y axes to position the end 104 at a specified 
location. After the X-axis stage 644 has been move to properly 

20 position the end 104, the linkages 652 and 654 are bonded or 
spotwelded in place. 

The XY micro-stage 622 may include a lever 622 illustrated 
in FIG. 29c to reduce movement of the X-axis stage 644 in 
comparison with movement of a distal end 664 of the XY 

25 micro-stage 622. For the XY micro-stage 622 illustrated in that 
FIG., etching to form the stages 634 and 644 also yields the 
lever 622 that is cantilevered from the Y-axis stage 634. Th 
linkage 654 is initially bonded both to the X-axis stage 644 and 
to the lever 622. A similar linkage 666 is fastened to the end 

30 of the lever 622 distal from its juncture with the Y-axis stage 
634. After the X-axis stage 644 has been move to properly 
position the end 104, as before the linkage 666 is bonded or 
spotwelded to the Y-axis stage 634. Alternatively, as illustrat- 
ed in FIG. 29c, the linkage 654 may be omitted from the XY 

35 micro-stage 622 to be replaced by a fl xible pushpin 672, well 
known in the art, that couples between the X-axis stage 644 and 
the lever 622 cantilevered from the Y-axis stage 634. Opposite 
ends of the flexible pushpin 672 are coupled by flexures 674 
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respectively to the X-axis stage 644 and to the lever 622. Th 
embodiment of th XY micro-stage 622 depicted in FIG. 29c 
recpiires only one linkag 666 for fixing the X-axis stage 644 
when the end 104 of the optical fiber 106 is at its specified 
5 location. Furthermore, the movement of the X-axis stage 644 is 
now bi-directional because the flexible pushpin 672 can both push 
and pull on the X-axis stage 644. 

While the preceding description of the lever 622 has 
addressed only X-axis motion of the X-axis stage 644, it is 
10 readily apparent that a similar lever could be incorporated into 
the outer base 632 for effecting Y-axis motion of the Y-axis 
stage 634 and of the X-axis stage 644 with respect to the outer 
base 632. 

As described above, the XY micro-stage 622 permits fixing 

15 and adjusting the ends 104 of optical fibers 106 along their X 
and Y axes. However, properly focusing the lens 112 with respect 
to the ends 104 of optical fibers 106 may require relative 
movement either of the end 104 or the lens 112 along the 
longitudinal axis 144. The separation between the end 104 of 

20 optical fiber 106 and the lens 112 may be adjusted in various 
different ways. Bright, et al., SPIE Proc. , vol. 2687, pg.34, 
describe a poly-silicon mirror, moving like a piston, which may 
be electrostatically displaced perpendicular to the substrate 
upon which it has been fabricated. 

25 FIG. 30a depicts a monolithic plano-convex lens 112 

micromachined from a SOI wafer 162 using RIE etching that can be 
electrostatically displaced along the longitudinal axis 144 
perpendicular to the substrate upon which it was been fabricated. 
To permit electrostatically displacing the lens 112 along the 

30 longitudinal axis 144, as illustrated in FIG. 30b the lens 112 
is supported from the surrounding device silicon layer 166 of the 
wafer 162 by three (3) V-shaped flexures 682. One end of th 
flexures 682, each of which extends part way around the periphery 
of the lens 112, is coupled to the surrounding device silicon 

35 layer 166 while the other end is coupled to the lens 112. Except 
for def 1 ction electrodes 684 that are disposed to the right of 
the lens 112 in FIG. 30a and electrically insulated from the 
wafer 162, the entire assembly is made as one monolithic silicon 
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Structure. Electr static attraction between the lectrodes 684 
and the combined flexures 682 and the lens 112, created by 
applying an electrical potential between the electrodes 684 and 
the device silicon layer 166, pulls the lens 112 toward th 
5 electrodes 684 along the longitudinal axis 144. 

Silicon lenses suitable for IR optical fiber transmission 
are commercially available and may be adapted for use in this 
invention. Accordingly, small individual commercially available 
micro-lenses may be placed into a cavity etched into a flat 

10 membrane supported by the flexures 682. Alternatively, the lens 
112 may be formed using RIE while the flexures 682 are being 
formed. Yet another alternative is to first diamond turn the 
lens 112 and then protect it from etching while the flexures 682 
are formed using RIE. Still another alternative is to first form 

15 the flexures 682 using RIE while protecting the area where the 
lens 112 is to be formed, and then diamond turning the lens 112. 
After the lens 112 and the flexures 682 have been formed in any 
of these ways, the wafer 162 underlying them is removed with 
anisotropic etching to expose the silicon dioxide layer 164. The 

20 backside 170 of the lens 112 fabricated in this way is optically 
flat. 

Instead of electrostatic actuation, the lens 112 may be 
moved along the longitudinal axis 144 electro-magnet ically. As 
illustrated in FIG. 30c, the electrodes 684 disposed adjacent to 

25 the lens 112 in the illustration of FIG. 3 0a are replaced with 
permanent magnets 692 oriented with their magnetic field parallel 
to the longitudinal axis 144 of the lens 112. Also a coil 694 
encircles the lens 112. Electrical leads from the coil 694 are 
brought out to the device silicon layer 166, preferably symmetri- 

30 cally, via the flexures 682 to ensure linear displacement of the 
lens 112. Depending upon the direction of current flow applied 
to the coil 694, the lens 112 moves toward or away from the end 
104 of the optical fiber 106. 

In a similar way, magnetic force, rather than electrostatic 

35 force, may b used to effect rotation of plates 184 of torsional 
scanners 172 at least about an axis of rotation stablished 
preferably by the torsional flexure hinges 176, or by the 
torsion-bar hinges 182. FIGs. 3la and 31b depicts several 



wo 01/07945 



PCT/USOO/20028 



- 72 ^ 

magnets 696 all oriented in the same direction along a strip of 
torsional scanners 172. Thus, the individual magnetic fields, 
indicated by arrows 697, are all oriented in the same direction, 
and reinforce each other. The torsional scanners 172 also 
5 include coils 698 disposed on the inner moving frame 178 thereof 
through which an electric current flows when effecting rotation 
of the plate 184. Using such a configuration for the torsional 
scanners 172 permits removing from the substrate 212 the 
electrodes 214 that are juxtaposed with the inner moving fram 

10 178. Typically, when the magnets 696 and coils 698 are present 
the substrate 212 will include cavities adjacent to the inner 
moving frame 178, as described in United States Patent No. 
6,044,705 that issued April 4, 2000. Such cavities permit large 
rotations of the inner moving frame 178 about the axis estab- 

15 lished by the torsional flexure hinges 176. As illustrated in 
FIG. 31b, the magnets 696 typically have a trapezoidal cross- 
section which allows the beam of light 108 to impinge upon the 
mirror surface 116 at a large angle. Alternatively, as illustrat- 
ed in FIGs. 31c and 3 Id the magnets 696 may be arranged linearly 

20 along opposite sides of the torsional scanners 172. This 
configuration for the torsional scanners 172 and the magnets 696 
provides better demagnetization factor for the magnets and 
stronger fields. 

In many telecommunication applications for the fiber optic 

25 switch 400, light arriving at the fiber optic switch 400 may have 
previously passed through a routing wavelength demultiplexer 
which may typically be in integrated chip form. A significant 
cost in fabricating routing wavelength demultiplexers is often 
that of connecting from its planar circuit to outgoing optical 

30 fibers. If the reflective switching module 100 of the fiber 
optic switch 400 described above is properly configured, making 
connections between the routing wavelength demultiplexer and 
optical fibers becomes unnecessary. Rather, outgoing beams of 
light from the routing wavelength demultiplexer are simply 

35 coupled in free space to the lenses 112 of the r flective 
switching module 100 which may include an anti reflection 
overcoating to reduce reflection. 



wo 01/07945 



PCT/USOO/20028 



- 73 - 

FIG. 32 illustrat s an arrangement in which a routing 
wavelength demultiplexer 702 includes several demultiplexed 
planar waveguides 704. The demultiplexed planar wav guides 704 
radiate beams of light 108 directly toward th lenses 112 facing 
5 them thereby avoiding any necessity for coupling the routing 
wavelength demultiplexer 702 to optical fibers. A substrate 706 
of the routing wavelength demultiplexer 702^ which carries 
demultiplexed planar waveguides 704, may be placed adjacent to 
the lenses 112 to supply incoming beams of light 108 to th 

10 reflective switching module 100. Likewise where outgoing beams 
of light 108 leave the reflective switching module 100, the 
lenses 112 may couple the beams of light 108 directly to 
demultiplexed planar waveguides 704 from which the beams of light 
may be multiplexed into one or several outgoing optical fibers. 

15 By providing and reserving some extra output and input holes 154 
in the convergence blocks 152 for use with wavelength converters, 
the fiber optic switch 400 may provide wavelength conversion for 
light received from any optical fiber coupled to the fiber optic 
switch 400. 

20 Wavelength conversion is desirable in many applications for 

the fiber optic switch 400. Wavelength conversion may be readily 
achieved by forming a grating 712 on the plate 184 of a torsional 
scanner 172 as illustrated in FIGs. 33a and 33b. A laser diode 
714 together with a lens 716 and the grating 712 form a Littrow 

25 cavity similar to those described in United States Patents Nos. 
5,026,131, 5,278,687 and 5,771,252. In the Littrow cavity, the 
grating 712 carried on the rotatable plate 184 reflects the first 
order diffracted beam back to the laser diode 714 thereby 
establishing, with a rear facet of the laser diode 714, an 

30 optical cavity for lasing. A beam splitter 722 directs a zeroth 
order diffracted output beam 724 to a wavelength locker 726 as 
is well known in the art. Hence, rotation of the plate 184 
carrying the grating 712 varies the wavelength of light in th 
output beam 724. Feedback from the wavelength locker 726 may be 

35 used to control rotation of the plate 184 thereby selecting a 
specific wavelength for the output beam 724. 

FIG. 33b illustrates using the Littrow cavity in converting 
light in an incoming beam 732 to an arbitrarily selected 
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wavelength. The incoming beam 732 impinges upon a gain medium 
734 that is excited by the laser diode 714 to a level just b low 
a threshold for lasing. The incoming beam 732 at a first 
wavelength raises the gain medium 734 above the threshold for 
5 lasing thereby causing lasing at a wavelength selected by the 
orientation of the plate 184 that carries the grating 712. Again 
the wavelength locker 726 provides feedback for selecting a 
specific wavelength for the output beam 724. 

In the illustration of FIG. 34, the structure of the grating 

10 712 carried on the plate 184 is used for measuring wavelength of 
light propagating along the optical fiber 106. Light extracted 
from the optical fiber 106 by the directional coupler 424, or by 
the bent-fiber tap 495, passes through a lens 742 to impinge upon 
the grating 712. Diffracted light from the grating 712, e.g. 

15 first order diffracted light, impinges upon a light detector 744 
which may include a small collimating lens. Rotation of the 
grating 712 together with concurrently monitoring both an output 
signal produced by the light detector 744 and the signal produced 
' by the torsion sensors 192 included in the torsional scanner 172, 

20 which measures the angular position of the grating 712, produces 
a spectrum of the light propagating along the optical fiber 106. 
The light detector 744 may be physically very small and therefore 
quite inexpensive. In comparison, diode arrays that respond well 
to infrared radiation are comparatively expensive. 

25 Although the present invention has been described in terms 

of the presently preferred embodiment, it is to be understood 
that such disclosure is purely illustrative and is not to be 
interpreted as limiting. Consequently, without departing from 
the spirit and scope of the invention, various alterations, 

30 modifications, and/or alternative applications of the invention 
will, no doubt, be suggested to those skilled in the art after 
having read the preceding disclosure. Accordingly, it is intended 
that the following claims be interpreted as encompassing all 
alt rations, modifications, or alternative applications as fall 

35 within the true spirit and scope of the invention. 
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Thp rifliTns 

What is claimed is: 

1. A fiber ptic switching module comprising: 

a) a first and a second group of collimator receptacles 
which are separated from each other at opposite ends of a 
free space optical path, and each of which collimator 

5 receptacles is respectively adapted for receiving and 

fixing an optical fiber collimator assembly: 

that in turn receives and fixes an end of an 
optical fiber, and 

which is adapted for emitting a quasi-collimated 
10 beam of light into the optical path; 

b) a first and a second set of reflective light beam 
deflectors that are disposed in a V-shaped arrangement 
within the optical path between the groups of collimator 
receptacles, each of the light beam deflectors being: 

15 associated with one of the optical fiber collima- 

tor assemblies receivable in the collimator recepta- 
cles; 

located so the quasi-collimated beam of light 
emittable from the associated optical fiber collimator 

20 assembly impinges upon the light beam deflector to be 

reflected therefrom; and 

energizable by drive signals supplied to said 
fiber optic switching module to be oriented for 
reflecting the quasi-collimated beam of light 

25 emittable from the associated optical fiber collimator 

assembly to also reflect off a selected light beam 
deflector; and 

c) a mirror disposed along the optical path between said sets 
of light beam deflectors upon which quasi-collimated beams of 

30 light impinge; 

whereby a pair of light beam deflectors when selected and 
oriented by the drive signals supplied thereto, stablish an 
optical coupling for at least one quasi-collimated b am of light 
between a pair of optical fiber collimator assembli s one of 

35 which is fixable in any one of said collimator receptacles and 
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another optical fiber collimator assembly fixable in any other 
of said collimator receptacles. 

2. Th fiber optic switching module of claim 1 wherein the 
first group includes only one collimator receptacle and the 
second group includes the remaining collimator receptacles 
whereby the fiber optic switching module establishes the optical 

5 coupling between one optical fiber collimator assembly fixable 
in the single collimator receptacle and a selected one of the 
optical fiber collimator assemblies fixable in the second group 
of collimator receptacles. 

3. The fiber optic switching module of claim 1 wherein 
individual collimator receptacles are conically-shaped and are 
adapted to receive a mating, conically-shaped optical fiber 
collimator assembly. 

4. The fiber optic switching module of claim 1 further 
comprising environmental housing that encloses the optical path 
through which the propagate. 

5. The fiber optic switching module of claim 4 wherein the 
environmental housing provides temperature regulation for 
maintaining a stable operating environment for the fiber optic 
switching module. 

6. The fiber optic switching module of claim 4 wherein dry 
gas flows through the environmental housing to hinder moistur 
from condensing within the fiber optic switching module. 

7. The fiber optic switching module of claim 4 wherein the 
environmental housing is pressurized to exclude atmosphere 
surrounding the environmental housing from entering the fiber 
optic switching module. 

8. The fiber optic switching module of claim 4 wher in th 
nvironmental housing includes a nonsaturable microdryer to 
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hinder moistur from condensing within the fiber optic switching 
module. 

9. The fiber optic switching module of claim 4 wh rein a 
wall of the environmental housing is pierced by an electrical 
feed-through through which the drive signals pass. 

10. The fiber optic switching module of claim 1 wherein, 
when light beam deflectors are un-energized, reflecting 
therefrom substantially converge in one dimension ("ID") . 

11. The fiber optic switching module of claim 1 wherein, 
when light beam deflectors are un-energized, reflecting 
therefrom substantially converge in two dimensions ("2D"). 

12. The fiber optic switching module of claim 11 wherein 
orientation of said collimator receptacles effects convergence 
of in a first dimension, and orientation of said light beam 
deflectors when un-energized effects convergence in a second 

5 dimension. 

13. The fiber optic switching module of claim 1 wherein, 
when light beam deflectors of the first or of the second set are 
un-energized, the reflecting therefrom substantially converge 
at a point that is located behind a juncture of said sets of 

5 light beam deflectors. 

14. The fiber optic switching module of claim 1 wherein, 
when light beam deflectors of the first or of the second set ar 
un-energized, the reflecting therefrom substantially converge 
at a point that is located at a juncture of said sets of light 

5 beam deflectors. 

15. The fiber optic switching module of claim 1 wherein 
light beam deflectors of the first or of the second set that 
require the greatest mov m nt in reflecting a to any of the 
light beam deflectors in the second or in the first set exhibit 

5 substantially equal clockwise and counter-clockwise rotation 
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angles from an un-* nergized orientation of such light b am 
d f lectors. 

16. The fiber optic switching module of claim 1 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of the 
light beam deflectors in the second or in the first set: 

5 rotate about two non-parallel axes: and 

exhibit substantially equal clockwise and counter-clockwise 
rotation angles about at least one of the axes from an un- 
energized orientation of such light beam deflectors. 

17. The fiber optic switching module of claim 1 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of th 
light beam deflectors in the second or in the first set exhibit 

5 substantially equal bi-polar rotation angles from an un-energized 
orientation of such light beam deflectors. 

18. The fiber optic switching module of claim 1 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of the 
light beam deflectors in the second or in the first set: 

5 rotate about two non-parallel axes: and 

exhibit substantially equal bi-polar rotation angles about 
at least one of the axes from an un-energized orientation of such 
light beam deflectors. 

19. The fiber optic switching module of claim 1 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of the 
light beam deflectors in the second or in the first set exhibit 

5 minimum rotation angles from an un-energized orientation of such 
light b am deflectors. 

20. The fib r optic switching module of claim 1 wherein 
orientation of only th collimator receptacles ffects conver- 
gence of . 
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21. The fiber optic switching module of claim 1 wher in 
ori ntation of only said light beam deflectors when un- nergized 
effects convergence of . 

22. The fiber optic switching module of claim 1 wherein 
drive signals supplied to the fiber optic switching module for 
energizing orientation of each light beam deflector respond to 
a signal produced by an orientation sensor that is coupled to the 
light beam deflector. 

23. The fiber optic switching module of claim 1 wherein 
drive signals supplied to the fiber optic switching module for 
energizing orientation of each light beam deflector respond to 
a signal produced by an orientation sensor that is independent 
of the reflectable therefrom. 

24. The fiber optic switching module of claim 1 wherein 
said light beam deflectors are respectively supported from a 
frame by torsional hinges, and each frame, torsional hinges and 
light beam deflector are fabricated from single crystal silicon. 

25. A fiber optic switching module comprising: 

a) a first and a second group of optical fiber recepta- 
cles, said groups of optical fiber receptacles being 
separated from each other at opposite ends of a free space 
optical path, and each optical fiber receptacle being 
adapted for receiving and fixing an end of an optical 
fiber; 

b) lenses one of which is fixed respectively at each of 
the optical fiber receptacles of the first and second 
groups so the end of the optical fiber fixable in that 
optical fiber receptacle is juxtaposed with said lens fixed 
thereat, each said lens being adapted for r ceiving a 
emittable from the. juxtaposed end of the optical fiber and 
for emitting a quasi-collimated beam of light into the 
optical path of the fiber optic switching module; 
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c) a first and a second set of reflective light beam 
deflectors that ar disposed in a V-shaped arrang m nt 
within th optical path b tween th groups of optical fiber 
receptacles, each of the light beam deflectors respectively 
being: 

associated with one of said lenses fixed at each 
of the optical fiber receptacles; 

located so the quasi-collimated beam of light 
emittable from said associated lens impinges upon th 
light beam deflector to be reflected therefrom; and 

energizable by drive signals supplied to said 
fiber optic switching module to be oriented for 
reflecting the quasi-collimated beam of light 
emittable from said associated lens to also reflect 
off a selected light beam deflector; and 

d) a mirror disposed along the optical path between said sets 
of light beam deflectors upon which quasi-collimated beams of 
light impinge; 

whereby a pair of light beam deflectors when selected and 
oriented by the drive signals supplied thereto, establish an 
optical coupling for at least one quasi-collimated beam of light 
between a pair of lenses respectively fixable at any one of said 
optical fiber receptacles and another lens fixable at any other 
of the optical fiber receptacles • 

26. The fiber optic switching module of claim 25 wherein 
the first group includes only one optical fiber receptacle and 
the second group includes the remaining optical fiber receptacles 
whereby the fiber optic switching module establishes the optical 
coupling between one lens fixed at the single optical fiber 
receptacle and one of said lenses fixed at the second group of 
optical fiber receptacles. 

27. The fiber optic switching module of claim 25 further 
comprising environmental housing that encloses the optical path 
through which th propagate. 



wo 01/07945 



PCTAJSOO/20028 



- 81 - 

28. The fib r optic switching module of claim 27 wherein 
the environmental housing provides temperatur regulation for 
maintaining a stable operating environment for the fiber optic 
switching module. 

29. The fiber optic switching module of claim 27 wherein 
dry gas flows through the environmental housing to hinder 
moisture from condensing within the fiber optic switching module. 

30. The fiber optic switching module of claim 27 wherein 
the environmental housing is pressurized to exclude atmosphere 
surrounding the environmental housing from entering the fiber 
optic switching module. 

31. The fiber optic switching module of claim 27 wherein 
the environmental housing includes a nonsaturable microdryer to 
hinder moisture from condensing within the fiber optic switching 
module. 

32. The fiber optic switching module of claim 27 wherein 
a wall of the environmental housing is pierced by an electrical 
feed-through through which the drive signals pass. 

33. The fiber optic switching module of claim 25 wherein, 
when light beam deflectors are un-energized, reflecting 
therefrom substantially converge in ID. 

34. The fiber optic switching module of claim 25 wherein, 
when light beam deflectors are un-energized, reflecting 
therefrom substantially converge in 2D. 

35. The fiber optic switching module of claim 34 wherein 
orientation of said optical fiber receptacles and said lenses 
effects convergence of in a first dimension, and orientation of 
said light beam deflectors when un-energized effects convergence 

5 in a second dimension. 
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36. The fib r optic switching module of claim 25 wher in, 
when light beam d f lectors of the first or of the second set are 
un-en rgized, the reflecting therefrom substantially converge 
at a point that is located behind a juncture of said sets of 

5 light beam deflectors, 

37. The fiber optic switching module of claim 25 wherein, 
when light beam deflectors of the first or of the second set ar 
un-energized, the reflecting therefror. substantially converge 
at a point that is located at a juncture of said sets of light 

5 beam deflectors. 

38. The fiber optic switching module of claim 25 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of th 
light beam deflectors in the second or in the first set exhibit 

5 substantially ecjual clockwise and counter-clockwise rotation 
angles from an un-energized orientation of such light beam 
deflectors. 

39. The fiber optic switching module of claim 25 wherein 
light beam deflectors of the first or of the s<icond set that 
require the greatest movement in reflecting a to any of the 
light beam deflectors in the second or in the first set: 

5 rotate about two non-parallel axes: and 

exhibit substantially equal clockwise and counter-clockwise 
rotation angles about at least one of the axes t'.nm an un- 
energized orientation of such light beam deflectors c 

40. The fiber optic switching module of claim 25 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of the 
light beam deflectors in the second or in the first set exhibit 

5 substantially equal bi-polar rotation angles from an un-energized 
orientation of such light beam deflectors. 

41. The fib r optic switching module of claim 25 wherein 
light beam defl ctors of the first or of the second set that 
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require the gr at st movement in reflecting a to any of the 
light beam defl ctors in the second or in the first set: 
5 rotate about two non-parallel axes: and 

exhibit substantially equal bi-polar rotation angles about 
at least one of the axes from an un-energized orientation of such 
light beam deflectors, 

42. The fiber optic switching module of claim 25 wherein 
light beam deflectors of the first or of the second set that 
require the greatest movement in reflecting a to any of the 
light beam deflectors in the second or in the first set exhibit 

5 minimum rotation angles from an un-energized orientation of such 
light beam deflectors. 

43. The fiber optic switching module of claim 25 wherein 
orientation of only said optical fiber receptacles and said 
lenses effects convergence of . 

44. The fiber optic switching module of claim 25 wherein 
orientation of only said light beam deflectors when un-energized 
effects convergence of • 

45. The fiber optic switching module of claim 25 wherein 
drive signals supplied to the fiber optic switching module for 
energizing orientation of each light beam deflector respond to 
a signal produced by an orientation sensor that is coupled to the 

S light b^am deflector. 

46. The fiber optic switching module of claim 25 wherein 
drive signals supplied to the fiber optic switching module for 
energizing orientation of each light beam deflector respond to 
a signal produced by an orientation sensor that is independent 

5 of the reflectable therefrom. 

47. The fiber optic switching module of claim 25 wherein 
said light beam deflectors are respectively supported from a 
frame by torsional hinges, and each frame, torsional hinges and 
light beam deflector are fabricated from single crystal silicon. 
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AS. The fiber optic switching module of claim 25 wherein 
ends of optical fibers receivabl into optical fiber rec ptacl s 
emit a at an angle with respect to a center line of the optical 
fiber, and first faces of lenses respectively associated 
5 therewith are oriented at an oblique angle with respect to a 
longitudinal axis of the lens so that within each lens the is 
substantially aligned with the longitudinal axis of the lens. 

49. The fiber optic switching module of claim 48 wherein 
each lens has a focal point located substantially at the 
obliquely angled face thereof, and the end of the optical fiber 
receivable into the optical fiber receptacle associated therewith 

5 is positioned one Raleigh range of the from the obliquely angled 
face. 

50. The fiber optic switching module of claim 48 wherein 
optical fibers receivable into optical fiber receptacles are 
duplex optical fibers and lenses respectively associated 
therewith further have a second face that: 

5 is oriented at an oblique angle with respect to the 

longitudinal axis of each lens; and 

intersects with and is not parallel to the first face 
thereof , 

so that within each lens two , respectively exiting or entering 
10 the end of the duplex optical fiber respectively associated 
therewith at differing angles with respect to the center line of 
the optical fiber, are substantially aligned with the longitudi- 
nal axis of the lens. 

51. The fiber optic switching module of claim 50 wherein 
two propagate through the duplex optical fiber in opposite 
directions. 

52. The fiber optic switching module of claim 50 wherein 
two propagate through the duplex optical fiber in a single 
direction. 
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53. The fiber optic switching module of claim 25 wherein 
lenses included in th fiber optic switching modul are respec- 
tively formed with a smaller diameter outer surface which is 
disposed nearer to the end of said optical fiber receivable into 
5 the optical fiber receptacle associated therewith, the lenses 
also being formed with a larger diameter outer surface which is 
disposed further from the end of said optical fiber receivabl 
into the optical fiber receptacle associated therewith than th 
smaller diameter outer surface of the lens. 
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